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THE  FROIERTIES  OF  TIN!  AMD  ASSOCIATED  PHASES 


by 

W.  J.  Bushier  and  K.  C.  Wiley 


ABSTRACT:  A  new  class  of  alloys  based,  on  the  ductile  lntenaetalllc 
compound  TIKI  and  associated  phases  Tigli,  TIMI3  was  Investigated.  These 
alloys,  referred  to  as  the  "Nltlnol"  series,  are  non-magnetlc,  corrosion 
resistant  and  hardenable  (by  suitable  composition  and  treatment)  up  to 
62  Rc. 


The  noet  phase-pure  TIKI  composition  vas  found  at  about  5b.  5 
percent  nlotol,  by  weight.  This  composition  (body-centered  cubic  crystal 
structure)  possessed  good  room  temperature  ductility  and  a  moderately  high 
■siting  point,  about  1300*C.  The  rot*  temperature  mechanical  properties 
of  the  pure  T1M1  phase  (hot  worked)  indicated  a  maximum  ductility  of  15 
percent  tensile  elongation  and  up  to  26  ft-lbs  Impact  strength.  An 
ultimate  tensile  strength  of  124,000  psl  vas  also  measured. 

Hot  hardnesc  measurements  revealed  a  secondary  hardening  peak, 

In  the  rapid  cooled  TIKI  alloys,  between  427-482*0.  lersit  an nn  tilaiss  hU 
T1H1  appears  to  have  usable  strength  up  to  about  649* C, 

TlHl-base  alloys,  with  excess  niekel  added,  were  capable  of  being 
hardened  by  quenching.  Quenched  hardnesses  as  high  as  62  Rc  were  obtained. 
They  showed  a  marked  Improvement  in  hot  hardness  o^vr  the  predominantly 
phase-pure  T1H1  at  temperatures  up  to  482*C. 

Investigations  into  the  ‘riHi  alloy  containing  54.5  v/o  Hi 
revealed  sane  'inusual  meehsmiee}.-  vibration  damping  properties.  At  roc n 
temperature  the  alley  had  a  very  high  damping  capacity,  upon  heating  to 
temperatures  slightly  in  excess  of  room  temperature  the  damping  capacity 
markedly  decreases. 

Magnetic  susceptibility  measurements  over  a  vide  temperature 
range  shoved  the  material  to  be  paramagnetic  with  a  permeability  approaching 
unity  (1.002). 


U.  S.  NAVAL  ORDNANCE  LABORATORY 
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This  material  offers  a  potential  solution  for  many  troublesome  non¬ 
magnetic  Material  applications  where  low  permeability,  strength,  hardness, 
fabrlcabllity,  and  corrosion  end  abrasion  resistance  are  a  problem.  It 
appears  particularly  useful  as  a  material  for  non -magnetic  tools  in  mine 
disposal  applications  and  in  various  components  of  magnetometers,  mine 
laying  and  servicing  craft  where  the  above  characteristics  are  required. 

Its  corrosion  and  abrasion  resistance  suggests  its  use  in  food,  rod  chemical 
processing  Industries.  The  improved  low  temperature  (-80*C)  impact 
strength  values  (43-79  percent  increase  over  roam  temperature) suggest  the 
use  of  TIHi-base  alloys  as  cryogenic  materiel*.  The  marked  changes  in 
damping  characteristics  with  temperature  indicates  a  possible  application 
of  TIN!  in  temperature  sensing  devices. 
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This  report  describes  the  mechanical  end  physical  properties  ol‘  the  inter- 
metallic  compound  TIKI  and  TIHl-base  alloys.  This  system  was  examined  as 
a  basis  from  which  a  high  temperature  material  could  be  prepared. 
Investigative  work  in  this  direction  was  performed  under  ER-7  -  Inter- 
metallic  s,  BuWeps  Task  Intermetalllc  Compounds  -  RRMA  02009/212  1/R007 
06  00?.,  and  as  a  nan-magnetic  tool  material  for  ordnance  disposal  under 
BuWeps  Task  RUU0-3-E-231/212  l/F008 -12-002. 

W.  D.  COLEMAM 
Captain,  USB 
Commander 

L.  R.  MAXWELL 
By  direction 
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THE  PROPERTIES  OF  T1H1  AHD  ASSOCIATED  PHASES 

IHTRODOCTTOR 


An  "Intermetallic  Compound"  Is  a  metallic  alloy  material  quite 
difficult  to  define.  The  8th  edition  of  the  Metals  Handbook*-  defines  an 
Intemetalllc  Compound  generally  as  "An  intermediate  phase  in  an  alloy 
system!  haying  a  narrow  range  of  homogeneity  and  relatively  simple 
stoichiometric  proportions,  in  which  the  nature  of  the  atomic  binding  can 
vary  from  metallic  to  ionic."  Others2>3  have  Indicated  that  to  classify 
intermediate  phases  as  intermetallic  compounds  requires  that  identical 
kinds  oi  atoms  occupy  identical  points  on  the  lattice.  Further,  on  the 
point  of  a  narrow  homogeneity  range,  one  author^  states  that  in  many  alloy 
systems  intermediate  phases  are  found  in  which  the  composition  varies  over 
such  a  narrow  range  that  no  difference  can  be  detected  experimentally;  such 
phases  are  usually  called  Intermetallic  compounds.  Compounds  of  this  latter 
type  generally  correspond  with  a  reasonably  simple  whole  number  ratio  of 
constituent  atoms.  It  should  be  noted,  however,  that  in  a  great  majority 
of  cases  the  formulas  of  intermetallic  compounds  do  not  agree  with  those  to 
be  expected  from  the  normal  valency  principles. 

In  order  to  study  intermetallic  compounds  for  structural  applications 
the  subject  Investigators  have  adopted  a  slightly  modified  and  less  rigid 
definition  of  an  Intermetallic  compound.  Like  Westbrook"’  this  investigation 
considers  "all  intermediate  phases  in  binary  and  higher  order  metal  systems 
whether  ordered  or  disordered."  With  this  flexibility  in  definition 
systems  for  study  were  chosen  where  the  compound  exists  over  a  range  of 
chemical  composition,  such  as  T1H1,  NiAl,  T1A1,  etc. 

Intermetallic  compound  alloys  have  for  some  time  been  recognised  to 
possess  certain  unusual  physical  and  mechanical  properties;  examples  are 
the  ability  of  was e  to  act  as  semiconductors  and  others  to  resist  losing 
their  strength  at  high  homologous  temperatures  (T/Tm-.p, ). 

During  the  past  ten  years  a  tremendous  amount  of  research  haa  been 
conducted  on  various  intermetallic  compounds  for  use  as  semiconductors.  Tn 
this  application  it  is  important  to  create  a  near  perfect  covalent  bond 
between  the  atoms  of  the  two  elements  used.  Hany  of  the  semiconducting 
compounds  are  formed  by  combining  elements  from  Group  III  of  the  periodic 
table  (three  valence  electrons)  with  element.-:  *rom  Group  V  (five  valence 
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electrons).  The  resultant  compound  will  then  have  an  "average"  of  four 
electrons  per  atom,  and  it  can  he  expected,  to  have  semiconducting 
properties. 


Although  many  compounds  maintain  their  strength  to  high  homologous 
temperatures,  extreme  brittleness  at  room  temperature  has  limited  their 
structural  usefulness  to  a  role  of  minor  strengthening  constituents  in  a 
more  ductile  matrix  metal  or  alloy.  Because  of  this  brittleness  problem 
little  attention  was  given  to  intermetallic  compound-base  materials  for 
structural  use  until  recent  years.  At  this  time  a  number  of  investi¬ 
gators1**  5*  6,7*8  began  looking  at  the  structural  potential  of  intermetallic 
compounds  In  general  and  ltiAl  in  particular.  The  latter  compound  was 
considered  seriously  for  application  in  the  hot  turbine  section  of  gas 
turbine  aircraft  engines. 


This  present  investigation  was  initiated  because  second-generation 
missiles  and  spacecraft  are  expected  to  require  materials  of  higher 
strength  and  lighter  weight  capable  of  operating  at  very  high  temperatures. 
Initially  the  program  was  oriented  in  the  direction  of  uncovering  or 
developing  intermetallic  compounds  or  intermetallic  compound-base  materials 
with  suitable  room  temperature  ductility.  Toward  this  end  a  binary  alloy 
constitution  investigation^  and  some  preliminary  alloying  experiments  were 
performed.  The  results  of  this  work  showed  that  the  compound  Tiki  possessed 
unusual  ductility  at.  room  temperature  for  a  compound  with  a  moderately  high 
melting  point.  A  program  was  then  initiated  to  investigate  the  Ti-Ri  alloys 
in  the  TIKI  homogeneity  range.  As  a  result  of  this  study  a  series  of  new 
engineering  alloys  based  on  the  TiHi  phase  composition  were  uncovered 
showing  many  remarkable  and  unusual  mechanical  and  physical  properties  as 
shown  in  Table  I.  The  report  tnat  follows  describes  in  detail  the  studies 
performed  on  Tiki  and  the  related  compounds  of  Tl^li  and  TIM3. 

PRIOR  WORK  Of  TINi  COMPOUTTD  ALLOYS 


Much  of  the  prior  investigative  study  on  Ti-Hi  alloys,  in  the  equi- 
atomic  composition  ran?e,  was  concerned  with  determining  the  constitution 
of  these  alloys.  The  original  and  alternative  constitution  diagrams  for 
the  Ti-Hi  alloys  are  given  by  Hansen^.  The  major  disagreement  between 
theee  diagrams  occurs  in  the  TIKI  phase  field.  These  areas  of  major 
disagreement  are  shown  in  Fig.  1. 

Duwex  and  Taylor10  investigated  intermediate  phases  In  alloys  of 
titanium  with  iron,  cobalt,  and  nickel.  In  these  studies  they  confirmed 
the  existence  of  a  CsCl  type  cubic  structure  in  tt~-  equi-atomic  alleys. 
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TABLE  I 

SUMMARY  OF  PROPERTIES  OF  TiNi  PHASE  ALLOYS 


PHYSICAL-  (55*3.  v/g  Ni-Ti) 


Density  (25*0),  gr/cm^ 

*  Melting  Point,  *C 

*  Melting  Point,  *F 

*  Crystal  Structure 

*  Lattice  Parameter,  X 

Electrical  Resistivity  (25*C),  microhm-cm 
Electrical  Resistivity  (900*C),  microbm-cm 
Linear  Coef.  of  Expansion  (24-900sC),  per  °0 
Recrystalllzatlon  Temperature,  *C 
Magnetic  Permeability 

Magnetic  Susceptibility  (mass, X  ,  -196  to  550*C) 


6.45 

1240-1310 
2264-2390 
Cs  Cl  (B.C.C.) 
3.015 
'vSO 
•V132 

10.4  x  10“6 
550  -  650 
<  1.002 
5.-9.  x  10~6 


MECHANICAL 


54.5  v/o  Ni  55.1  w/o  Ni 


Ultimate  Tensile  Str.,  psi 

110,000  -  124,000 

82,000  -  140,000 

Yield  Str.,  psi 

40,000  -  55,000 

33,000  -  81,400 
up  to  11.8  x  10° 

Young's  Modulus,  psi 

Tensile  Elongation,  $ 

11.2  -  11.8  x  106 

up  to  15.5 

up  to  10 

Reduction  in  Area,  $ 

up  to  16 

• 

Hardness,  Roekvell-A 

42-52 

65-68 

impact  Str.,  ft-lbs 

24*C  (room  temp.) 

28 

24 

-80*C 

40 

43 

Modulus  of  Rupture,  psi 

•* 

216.000 

Mod.  of  Elas.  (Trans.  Bend), psi 

11.3  x  10G 

Hot  Hardness**,  D.P.H. 

25*C  (room  temp.) 

230 

330 

260*C 

215 

230 

463*C 

230 

295 

593*C 

65 

95 

649*C 

45 

50 

_ 

3 

-/ 


NOI.TR  61-75 
TABLE  I  (continued) 

ENVIRONMENTAL 


Oxidation  Resistance  (sample  wt.  **  6.5  grams) 
wt  gain,  in  air,  1C  hrs  at  600®C 

vt  gain,  in  air,  10  hrs  at  800°C 

wt  gain,  in  air,  10  hrs  at  1000° C 


0.0015  grams 
0.023  grams 
0.10  grams 


Corrosion  Resistance 

Salt  spray  (20^  soln,  95*F,  96  hrs) 
Sea  water 

Normal  air  atmosphere 
Normal  handling 


faint  whitish  deposit 

Nil 

Nil 

Nil 


Ni-RICH  TiNi  (60  w/o  Ni-Ti) 


Hardness,  Rockvell-C 


quenched 

62 

furnace  cooled,  from  900® C 

35 

from  800*C 

38 

from  700® C 

1*0 

from  600® C 

59 

*  Data  obtained  from  published  licerature 

**  Specimens  rapidly  cooled  prior  to  testing 
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MARGOLIN  ET  AL  AFTER  DUWEZ  8  TAYLOR 

POOLE  ET  AL 

TWO  VERSIONS  Or  THE  NICKEL-TITANIUM  CONSTITUTION 
DIAGRAM 
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through  X-ray  diffraction  measurements.  Most  significant  was  the  discovery 
that  prolonged  heating  (10  days),  at  both  800*C  and  650*C,  of  powdered  TiM 
alloy  in  a  sealed  evacuated  quarts  tube  resulted  in  the  TiM  phase  decom¬ 
posing  into  TisKl  and  TJM3  .  From  this,  the  TiM  phase  was  considered  by 
Duwez  end  Taylor  to  be  stable  only  at  high  temperatures,  with  the  critical 
decomposition  temperature  being  about  300* C. 

Based  upon  X-ray  diffractometer  ocane  made  on  heated  TIM  alloy 
filings,  Poole  and  Hume-Rothery^  were  in  agreement  with  Duwez  and  Taylor 
that  TIM  was  an  unstable  low  temperature  phase  and  would  decompose  into 
Tl?Ni  and  TIN 13  if  heated  for  a  prolonged  period  of  time  at  about  6<X)*C. 
Short-time  treatments  only  served  to  yield  a  diffuse  X-ray  pattern  of  the 
CsCl  type,  probably  due  to  a  partially  decomposed  TiM  phase. 

Margolin  et  al^2  working  with  arc-melted  alloy  buttons  of  the  TIM 
alloy  composition  in  lieu  of  powdered  samples  were  unable  to  detect  the 
decomposition  of  the  TIM  phase  even  when  heated  above  and  below  800*C. 

This  contradictory  finding  left  the  ambient  temperature  existence  and 
stability  of  the  TIM  phase  somewhat  in  doubt. 

In  addition  to  the  phase  equilibria  work  done  by  the  above  investi¬ 
gators,  Philip  and  Beck*3  investigated  the  ordering  into  a  CaCl  structure 
of  alloys  composed  of  the  transition  elements.  In  addition  to  TIM  the 
equl-atomic  compound  alloys  of  TiCo  and  TIFe  were  studied  by  X-ray 
diffraction  techniques.  It  was  found  that  the  lattice  parameter  of  TIFe 
(2.976  ±  O.OOiS)  was  smaller  than  that  of  TiM  (3.015  ±  0.001  X)  with 
TiCo  (2.991  ±  0.001  X)  falling  between  the  two.  In  accordance  with  the 
usual  atomic  radii  of  the  elements  concerned,  Philip  and  Beck  expected 
the  lattice  parameter  of  TiM  to  be  smallest,  with  TIFe  possessing  the 
largest  lattice  parameter.  This  anomaly  caused  the  investigators*^  to 
conclude  that  the  A-B  bond  in  TIFe  is  stronger  than  that  in  TIM,  with  the 
bond  strength  of  TiCo  falling  between  these  extremities.  In  connection 
with  the  above  bending  behavior  TIFe  was  outwardly  hard  and  brittle,  while 
the  TiM  material  was  noticeably  softer  and  less  brittle. 

Further  corroboration  of  the  ordered  nature  of  TiM  at  ambient 
temperatures  was  obtained  by  Pletrokowsky  and  Youngkin11*.  In  their  work 
taey  observed  only  one  diffraction  maxima  (loo)  associated  with  long  range 
order  in  TiM.  However,  they  considered  the  order  structure  evidence 
strong  since  TI2M  and  TIM3  do  not  produce  constructive  Interference  at 
the  (100)  angle  of  the  TIM. 
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Ti-M  CONSTITUTION  STUDIES 

Recognizing  the  uncertainty  existing  concerning  the  constitution  of  the 
titanium-nickel  system  in  the  TiWi  area  and  having  found  that  alloys  of 
Tilfi  intermetallic  composition  were  ductile  at  ambient  temperatures 
stimulated  further  lnvestigati.n  into  the  constitution  of  this  system. 

Alloys  of  the  TiM  composition  ( 55.06  v/o  Si)  left  several  unanswered 
questions,  the  main  one  being  whether  TiM  is  a  stable  room  temperature 
phase  or  does  it  in  fact  decompose  into  TloNi  and  TIM?  at  temperatures 
below  about  830*04  From  preliminary  work  on  these  Individual  latter  phases, 
they  were  found  to  be  hard,  abrasion  resistant,  and  brittle  at  room 
temperature.  Therefore,  the  problem  to  solve  was  whether  the  stoichiometric 
TIM  phase  was  ductile  or  whether  the  product  produced  by  the  coexistence 
of  the  two  known  hard  and  brittle  phases  of  TigMl  and  TIM3  was  in  fact 
responsible  for  the  ductile  behavior. 

With  this  as  background  a  constitution  investigation  was  begun  dealing 
with  the  Ti-M  alloys  from  33  to  75  a/o  M,  with  special  interest  focused 
upon  the  TIM  phase  homogeneity  range  (about  H8  to  52  a/o  Ni).  Several 
approaches  were  employed:  These  Include  X-ray  diffraction,  internal 
friction,  metallography,  electrical  resistivity,  hardness,  magnetic 
susceptibility,  etc.  Since  the  findings  of  these  various  research  studies 
ere  closely  inter-related,  each  study  will  be  first  described  as  a  separate 
entity,  then  the  salient  features  of  these  data  will  be  discussed  as  they 
apply  to  a  more  complete  understanding  of  the  overall  Ni-Ti  alloy  phaise 
equilibria  picture. 

1.  X-ray  Diffraction  Studies  on  50  to  60  w/o  Ki-Ti  Alloys 

Initially,  in  this  portion  of  the  investigation,  it  was  of  para¬ 
mount  importance  to  determine  what  phase  existed  at  room  temperature  for 
the  stoichiometric  TIM  composition,  calculated  to  be  55*06  v/o  Ml.  To 
this  end  an  arc-melted  and  hot  swaged  rod  of  tfco  TIM  composition  was 
prepared.  To  obtain  a  suitable  X-ray  specimen  the  rod  was  filed  to  produce 
moderately  fine  particles.  These  particles  were  annealed  in  dry  argon  gar 
at  about  1000*C  for  15  minutes.  This  heat  treatment  vas  designed  to 
eliminate  stresses  Introduced  during  filing.  The  above  sampling  technique 
is  similar  to  that  used  by  Philip  end  Becki '  and  Poole  and  Hume-Rothery*1. 
X-ray  diffractometer  scans  were  made  at  room  temperature  as  described  in 
detail  in  Section  I  of  the  Appendix.  The  resultant  X-ray  pattern  revealed 
an  almost  completely  two-phase  material  containing  TigMx  and  T.IM3  in  about 
the  propor  proportions  to  satisfy  the  alter- ^tive  phase  diagram  given  In 
Fig.  1. 
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Recognising  the  adverse  effects  of  the  filing  operation  upon  the 
above  X-ray  results,  there  was  still  doubt  about  the  identity  of  the  true 
rocta  temperature  phase.  Subsequent  Metallography  (Figs.  2  and  3)  and 
■echanical  property  studies  cast  further  doubt  on  the  validity  of  powder 
specimen  X-ray  results  for  this  alloy. 

A  series  of  nev  15  great  Nl-'T’l  alloys  were  prepared  as  described  in 
Section  II  of  the  Appendix.  These  alloys  varied  In  composition  from  50  to 
60  w/o  Ni  at  about  2^  increments.  X-ray  diffraction  scans  were  aade  on  the 
carefully  prepared  flat  bottom  surface  of  these  alloy  buttons.  X-ray 
diffraction  data  pertaining  to  phree  and  quantity  of  phase  were  obtained 
on  the  alloys  in  the  "as  cast."  and  four  other  heat  treated  conditions.  The 
entire  assemblage  of  data  is  presented  in  Fig.  4.  From  observing  Fig.  4, 
two  things  are  lamdlately  apparent;  first,  the  most  phase-pure  composition 
appears  to  fall  slightly  below  55*1  w/o  Mi  (calculated  stoichiometric 
T1M1  alloy),  secondly,  in  the  alloys  containing  in  excess  of  about  54  w/o 
Ml  the  three  phases  TIMi,  TlgMl  and  TIMI3  can  coexist,  contradicting  the 
"phase  rule"  for  equilibrium  alloy  systems.  Prolonged  heating  at  750  and 
800*C  seems  to  have  little  effect  in  stimulating  more  equilibrium  status 
to  these  higher  nickel  alloys.  These  data  of  Fig.  4  are  further  plotted 
in  Fig.  5  as  "average  quantity  of  coexisting  phases  in  percent"  as  a 
function  of  "weight  percent  nickel."  From  a  close  comparison  of  the  phase 
equilibria  existing  in  these  allays  with  the  two  versions  of  the  Ml-Tl 
constitution  diagram  (top  Fig.  5)  it  can  be  seen  that  the  Ti-rich  alloys, 
those  containing  less  than  52  w/o  Hi,  appear  to  follow  the  version  showing 
the  T1M1  dissociating  into  TigRi  and  T1M13  at  the  lower  temperatures.  On 
the  other  hand,  tha  alloys  containing  Hi  in  excess  of  54  w/o  tend  to  verify 
the  existence  of  tho  TiHi  phase  at  room  temperature.  As  the  nickel  content 
Increases  there  is  an  expected  increase  in  the  amount  of  TiMij  phase. 

The  X-ray  diffraction  studies  on  arc -melted  monolithic  specimens 
corroborates  the  findings  of  Margolin  et  al12  and  Fietrokowsky  and 
Youngkln14.  The  TIMi  phase  can  exist  in  a  stable  or  metastable  form  at 
room  temperature.  In  the  case  of  the  filed  particles,  work  is  apparently 
introduced  which  affects  the  energy  balance  and  with  the  aid  0.  the  high 
temperature  anneal  promotes  the  TIMi  phase  decomposition. 

Concurrently  with  the  X-ray  diffraction  studies  on  the  Mi-Tl 
alloys  it  was  found  principally  through  hardness  and  vibration  damping 
that  the  alloy  containing  54.5  w/o  Hi-Tl  possessed  some  unusual  properties. 
The  nature  of  these  property  anomalies  will  be  described  in  more  detail 
in  their  respective  sections  of  this  report.  In  view  of  the  above 
findings  some  X-ray  diffraction  studies  were  initiated  on  tu*  54.5  w/o 
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ABRASIVE  CUTTING  OF  THE  SAMPLE.  500  X  OF  PHOTO  SHOWS  TRUE  BASE  STRUCTURE  - 

UPPER  PART  IS  MASKED  BY  REMAINING  OVER¬ 
LAY  OF  MARTENSITE.  500  X 
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50  ^0  60  ^  Ni.  ALSO  SHOWN  ARE  THE  CHANGES  IN  THE  QUANTITIES 
OF  THE  PHASES  WITH  THERMAL  TREATMENT. 
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FIG.  5  ROOM  TEMPERATURE  PHAf.  £  RELATIONSHIP  OF 
NICKEL- TITANIUM  ALLOYS  FROM  50  TO  60  %  Ni. 

II 
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Hi-Ti  alloy.  Fig.  6  shows  a  series  of  diffractometer  scans  mde  on  the 
5k. 5  v/o  Hi  alloy  when  given  various  temperature  treatments.  The 
diffractometer  patterns  in  this  figure  encompass  the  principal  TlXi  phase 
reflections  and  were  scaled  to  make  the  nain  TJHi  peak  equivalent  height. 
Through  careful  observation  of  'he  series  it  can  he  seen  that  at  room 
temperature  (panel  A)  only  a  very  minor  amount  of  excess  phase(s)  exists  in 
an  alloy  of  this  composition,  indicating  that  the  stoichiometric  Till 
composition  may  lie  closer  to  5k.  5  v/o  91  than  the  calculated  55.06  v/o  Hi 
f opposition.  Indications  of  sane  existing  excess  phase(s)  are  ahovn  as 
minor  peaks  at  about  the  26.5  and  20.5*  angles.  In  panels  B  end  C  of 
Fig.  6  the  alloy  is  heated.  With  the  increased  temperature  these 
extraneous  peaks  are  lessened  to  the  point  of  almost  complete  elimination. 
As  a  result,  it  esn  be  seen  that  vith  very  minor  teaperature  increases  the 
T1M1  phase  is  made  more  phase-pure.  This  is  accomplished  at  the  expense 
of  eliminating  the  extraneous  pbase(s).  Precisely  vhat  the  other  phase(s) 
are  remains  in  some  doubt  due  to  the  reflection  interferences  produced. 

Following  the  heating  studies,  the  same  5k. 5  v/o  Bi-Tl  alloy 
button  vas  cooled  below  room  temperature.  Fig.  6,  panels  D,  E  end  F, 
show  the  resultant  strengthening  of  the  extraneous  phese(s).  After  being 
at  -10* C  the  sample  vas  varmed  rapidly  to  room  temperature.  Panel  0  shows 
the  alloy  maintaining  much  of  the  -10*C  phase  equilibria  upon  its  return 
to  room  temperature.  In  order  to  return  to  the  normal  room  temperature 
phase  equilibria  the  sample  vas  placed  a  short  time  in  boiling  water.  Upon 
cooling  to  room  temperature  the  diffractometer  scan  shown  in  panel  H 
resulted.  This  pattern  is  very  similar  to  the  original  room  temperature 
pattern  (panel  A),  Cooling  in  liquid  nitrogen  at  -196*C  and  returning  to 
room  teaperature  produced  the  pattern  in  panel  I.  Here  the  extraneous 
phase(s)  are  becoming  very  pronounced.  Again,  as  before,  this  low 
tenperature  phase  equilibria  ie  removed  by  boiling  in  water  am  shown  in 
panel  J* 


In  preparing  the  5k. 5  v/o  Hi  arc-melted  button  X-ray  sample, 
polishing  followed  by  deep  etching  vas  t-ied  m-  order  to  minimize 
orientation  effects.  This  treatment  produced  the  extremely  unusual 
results  shown  in  Fig.  6,  panel  K.  The  deep  etching  alone  or  in  combination 
with  the  surface  polishing  caused  a  partial  dissociation  of  the  Tllfi  into 
Ti£di  +  TiHi3*  Calculations  based  upon  X-ray  power  input,  wave  length, 
etc.,  revealed  that  the  depth  of  penetration  vas  between  0.0015  and  0.0075 
inches.  Thus,  in  the  surface  of  the  specimen,  to  a  depth  of  0.0075  Inches, 
much  of  the  Tilfi  phase  vas  dissociated  by  the  localized  effect  of  the 
etchant,  in  this  case  a  solution  of  HNO3  and  HF  acids.  It  is  the  belief 
of  the  investigators  that  this  example  of  T191  Aeci-^^fisitict.  and  that 
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X-RAY  DIFFRACTOMETER  SCANS  MADE  ON  A  54.5*>fcNi-Ti  ALLOY 
UNDER  VARYING  CONDITIONS 
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FIGURE  6  (CONTINUED) 
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24*0  (AFTER  3EIN6  AT  H.  24*C  (AFTER  HEATING  I.  24*C  (AFTER  BEING  AT 

-10  •  G  )  IN  BOILING  WATER)  -I96*C  FOR  20MIN.) 
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J.  24  *C  (-196*0  FOLLOWED  K.  24*0  (ARC- CAST  ALLOY 
BY  HEATING  IN  BOILING  POLISHED  AND  DEEP¬ 
WATER)  ETCHED) 


FIGURE  6  (CONTINUED) 
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produced  in  the  Aforementioned  appealed  Till  X-ray  filings  and  the 
martensite-like  structure  seen  in  Figs.  2  and  3  are  all  related  to  the 
same  structural  mechanism.  However,  limited  investigation  precludes 
further  discussion  on  hew  or  why  the  Till  decomposition  occurs  under  the 
shove  stimuli. 

The  above  transformation,  due  to  polishing  and  doep  etching  or 
etching  alone,  may  point  up  some  practical  engineering  applications.  Since 
TisJfi,  one  of  the  major  phases  produced  'by  the  Till  transformation,  has  an 
ambient  temperature  hardness  of  about  521  3.P.H.  (about  55  Rc)  Its  presence 
in  the  outer  surface  would  act  as  a  surface  hardener.  T1R1  and  TKU3  both 
possess  hardnesses  in  the  thirties  on  the  Re  hardness  scale.  As  s  result, 
tbs  above  may  be  a  potential  method  of  preferentially  hardening  all  or 
parts  of  the  surface  of  a  softer  and  tougher  core  TIKI  material  without 
subjecting  any  part  of  the  TlXi  material  to  heating. 

2.  Internal  Friction  (Qualitative  Studies) 

During  the  arc-melting  of  thin  cylindrical  bars  of  the  5b. 5  w/o 
Ki  alloy  (employing  commer cl ally -pure  titanium  melting  stock)  it  was 
noted  that  when  these  bars  were  cooled  to  roan  temperature  and  suspended 
freely  upon  a  string  they  yielded  nothing  more  than  a  dull  thu*ping 
noise  when  struck  by  a  hardened  steel  bar.  The  same  bars  when  warmed 
slightly  (about  120  to  130*F)  and  similarly  suspended  rang  when  struck. 

When  the  temperature  in  ths  Till  bar  was  increased  to  a  value  in  excess 
of  160*F  (71*c)  and  the  bar  struck;  it  rang  brilliantly.  This  initial 
experience  with  ths  temperature-sensitive  mechanical  vibration  damping  of 
the  TIHl-lwae  alloys  opened  th»  way  for  additional  Internal  friction  studies. 

Initially,  the  vibration  (lamping  was  studied  by  the  qualitative 
acoustical  technique  of  striking  the  freely  suspended  bar  specimens.  Mi-Tl 
alloy  bars  varying  from  52.5  to  58  w/o  Ni,  with  special  emphasis  on 
compositions  in  the  5*1.5  w/o  11  range,  were  arc-melted.  The  resultant 
alloy  bars  were  tested  over  a  temperature  range  from  shout  -80*F  to 
350*F  (-62  to  r,7*c).  The  sound  produced  by  striking  was  categorized  into 
five  groups.  These  data  were  plotted  in  Fig.  7*  In  this  figure  tentative 
boundaries  were  established.  The  most  significant  fact  is  the  narrow  and 
distinct  transition  temperature  range  in  the  5**. 5  w/o  Kl  alloy.  Increaelng 
or  decreasing  the  nickel  content  widens  this  taaperature  range. 

Subsequent  acoustical  studies  performed  on  5**«5  w/o  Ki  alloys, 
prepared  from  titanium  melting  stock  of  varying  purity,  produced  markedly 
different  results.  It  was  found  that  Ire--,  tv1  litiona  up  to  about  0.1  w/o 
tended  to  maintain  the  damping  to  non-damping  transition  clr-'er  to  roan 
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FIG.  7  SHOWS  VARIATIONS  IN  THE  SOUND  PRODUCED  BY  STRIKING 
SUSPENDED  ARC-CAST  BARS  (APPROX.  9/16"  DIA.  *  4“  LONG)  OF 
VARYING  COMPOSITION  AND  AT  DIFFERENT  TEMPERATURES.  NOTE 
SUDDEN  SOUND  TRANSITION  WITH  TEMPERATURE  FOR  ALLOYS 
CONTAINING  mBOUT  54.5  *  Ni  . 
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temperature. 

Some  of  the  same  alloys  54,  54.5  arid  55*1  v/o  Nl  vere  hot  swaged 
at  900* C  Into  uniform  hut  smaller  diameter  bars.  As  in  the  case  of  the 
arc-ca>»l  bare,  these  wrought  bars  vere  suspended  and  struck  at  various 
temperature  levels.  The  resulting  data  are  presented  In  Fig.  8.  Comparing 
Figs.  7  and  8,  It  Is  apparent  that  hot  working  the  arc-cast  bars  has  served 
to  widen  the  transition  temperature  range  front  high  to  low  damping. 
Preliminary  neutron  diffraction  studies  revealed  that  in  the  course  of  hot 
working  some  additional  extraneous  phase(s)  were  precipitated  in  the  TUIi 
matrix,  Indicating  some  relationship  between  TiNi  phase  purity  and  the 
resultant  damping  properties.  Another  possible  cause  of  the  transition 
temperature  change  may  be  explained  by  VanBueren^,  quoting  others,  who 
have  noted  grain  boundary  relaxation  effects  that  were  traceable  to  change."; 
In  grain  size. 

Some  Interesting  relaxation  effects  were  discovered  in  cooled 
arc-cast  bars  containing  54.65  and  54.8  v/o  Nl.  As  above,  the  sound 
produced  by  striking  was  used  as  a  criteria  to  determine  the  existing 
internal  rriction  In  the  materials  at  various  temperatures.  It  was  found 
that  a  54.8  w/o  Hi  alloy  rang  brilliantly  at  roam  temperature.  Upon 
cooling  to  -15*C  any  trace  of  a  ring  bad  disappeared.  With  warming  to  room 
temperature  (25*C)  the  ring  was  of  considerably  lower  quality  than 
originally  experienced  at  this  temperature.  Continuing  to  heat  to  45*C 
restored  the  brilliant  ring  which  remained  upon  cooling  back  to  room 
temperature.  Similar  effects  vere  noted  In  the  54.65  v/o  Hi  alloy. 

Suspecting  the  relaxation  behavior  may  be  time-dependent,  the 
54.6  v/o  Vi  alloy  bar  vu  again  cooled  down  to  -76*C  and  then  warmed  to 
room  temperature.  Ninety- two  hours  at  room  temperature  were  required  for 
the  54.8  v/o  Nl  bar  to  recover  its  equilibrium  sound  behavior. 

3.  Internal  Friction  (Quantitative  Studies) 

Internal  friction  or  mechanical  damping  Is  the  capacity  of  a  solid 
to  convert  the  mechanical  energy  of  vibration  Into  heat  even  though  the 
energy  losses  to  its  surroundings  are  negligible.  If  a  metal  were  able  to 
follow  a  perfectly  elastic  behavior,  thus  obeying  Hooke's  Lav,  it  would  be 
able  to  vibrate  or  be  subjected  to  stress  cycles  within  its  elastic  limit 
without  any  loss  of  energy  except  to  the  surrounding  atmosphere.  In  this 
scheme  there  would  be  no  conversion  of  the  energy  of  vibration  into  heat 
within  the  metal  and  consequently  no  Internal  friction.  The  fact  that 
vibrations  are  damped  out  In  a  metal  more  ranidly  tli.ua  the  external  loss  of 
energy  could  possibly  account  for,  indicates  .ne  non-elastic  behavior  of 
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SUSPENDED  HOT- SWAGED  (900*C)  BARS  (0.5"  DIA.  X  5.5**  LONG)  OF 
VARYING  COMPOSITION  AND  AT  DIFFERENT  TEMPERATURES. 
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metals  rather  than  a  true  elastic  one.  Of  the  many  processes  responsible 
for  internal  friction,  all  genera '.ly  relate  to  a  phase  lag  between  the 
applied  stress  and  the  resulting  strain.  This  phase  lag  nay  be  caused  by 
plastic  deformation,  or  if  the  stress  is  too  low  for  this  to  occur,  thermal, 
magnetic,  or  aturtc  effects  may  be  responsible.  As  the  deeping  properties 
of  a  metal  are  particularly  sensitive  to  the  presence  of  physical  imper¬ 
fections  and  to  the  interaction  between  them,  the  stuuy  of  internal  friction 
Is  quite  often  applied  towards  a  better  understanding  of  the  effect  and 
properties  of  lattice  Imperfections  in  crystalline  solids. 

Of  the  many  known  methods  for  measuring  internal  friction  the 
simplest  to  understand  and  easlsst  to  set  up  is  the  "Torsion  Pendulum" 
method.  A  schematic  drawing  of  the  torsion  pendulus  apparatus  used  is 
shown  In  Pig.  9.  A  wire  ssmple  80  cm  long  is  held  an  each  end  by  pin 
vices.  The  upper  vice  la  mounted  stationary  while  the  lower  vice  is 
equipped  with  Inertial  weights  which  ceuse  it  to  net  as  a  torsion 
pendulum.  Forces  tending  to  promote  swinging  of  the  wire  were  minimized 
by  using  a  steel  tipped  plus  bob  and  the  magnetic  field  of  a  permanent 
magnet.  The  latter  also  served  to  damp  out  extraneous  vibrations.  The 
entire  assembly  was  mounted  on  a  vibration  damping  material.  To  Initiate 
torsional  movemsnt  one  of  the  steel  Inertial  weights  was  attracted  by 
pulsing  an  electromagnet  mounted  adjacent  to  the  weight.  The  amplitude 
of  each  torsional  swing  was  measured  by  observing  a  reflected  beam  of 
light  upon  a  translucent  scale.  This  method  Is  suitable  for  frequencies 
from  0.1  to  10  u/see.  Although  tbs  method  Is  not  extremely  sensitive, 
the  interpretation  of  results  is  aided  by  its  simplicity. 

Figures  10  through  13  show  the  data  obtained  by  the  torsion 
pendulum  Method  when  5^-5  and  ;-5.1  w/o  Hi  composition  specimens  were 
employed.  The  decrement  is  obtained  by  plotting  the  natural  lsgrltbm  of 
the  amplitude  against  the  nvnber  of  cycles  of  vibration.  The  Internal 
friction  In  all  cases  was  independent  of  amplitude  as  straight  11ns  curves 
were  obtained.  The  slope  of  the  line  gives  the  decrement  directly.  Tests 
were  performed  on  annealed  wires  having  diameters  of  0.0206  and  .0360", 
drawn  by  a  technique  described  In  Section  II  of  the  A&*ndix.  The 
frequency  was  approximately  0.4  c/sec  In  all  Instances  with  a  constant 
length  between  the  pin  vise  grips  of  20  cm.  To  avoid  disturbances  from 
air  currents  the  apparatus  was  fully  enclosed  in  a  plexiglass  esse. 

Fig.  10  shows  only  a  very  minor  change  in  the  decrement  between 
room  temperature  and  200*F  for  the  55»1  v/o  Mi  alloy  wire  specimen.  Tig. 

11  shows  the  large  decrement  change  obtained  for  two  wire  diameters  of  the 
54. 5  v/o  Ml  alloy  at  room  temperature  and  200*F»  In  this  Instance  there 
Is  a  pronounced  decrease  In  the  amount  of  iu  <mal  friction  present  as 
the  temperature  is  raised  free.  R.T.  to  200*F<  For  the  0.03i“  diameter  wire 
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A  -  PIN  VICES 
B  -  MIRROR 

C  -  PLUMB  BOB  (steel  tipped) 

0  -  PERMANENT  MAGNET 
E  -  INERTIAL  WEIGHTS 
F  -  COPPER  HEATER  LINER 
P  -  CERAMIC  TUBE 
H- HEATER  ELEMENT 
I  -  THERMOCOUPLE 
J  -  COLLIMATED  LIGHT  BEAM 
K  -  TRANSLUCENT  SCALE 
L  -  TORQUE  INITIATING  MAGNET 
M- NYLON  THREAD 
N  -  WIRE  SPECIMEN 
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FIG.  9  SCHEMATIC  DRAWING  OF  TORSION  PENDULUM  APPAR 
ATUS  FOR  MEASURING  INTERNAL  FR'CTION 
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FiG.  10  SHOWS  THE  OliCAY  IN  TORSIONAL  VIBRATION  AS  A  FUNCTION 
OF  NUMBER  OF  CYCLES  AND  TEMPERATURE  FOR  55.1  Ni-TJ  ALLOY 
WIRE  0.0206*  DIA„  AVERAGE  FREQUENCY =  0.408  CYCLES/ SECOND. 


SECOND  FOR  THE  0.036  01A.  WIRE  AND  0.440  CYCLES/  SECOND  FOR 
THE  0.0206"  OJA.  WIRE. 
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FIG.  12  SHOWS  A  TIME- DEPENDENT  EFFECT  IN  THE  DAMPING 
OF  A  54.5  "A  Ni-Ti  ALLOY  AT  INTERMEDIATE  TEMPERATURES. 
WIRE  DIAMETER  *  0.036  AVERAGE  FREQUENCY  OF  TORSION 
v«BR  ATION  »  0.40  CYCLES /  SECOND. 
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only  a  slight  change  in  frequency  { <  2$)  vu  measured  between  R.T.  and 
200*7.  It  was  observed  during  tKs  test  that  increasing  the  frequency  to 
above  2.0  cycles/sec  resulted  in  no  observable  change  in  the  degree  of 
rianplng  between  R.T.  and  200*7.  The  degree  of  damping  therefore  appears 
to  have  a  frequency  dependence  associated  with  relaxation  type  internal 
friction. 


Fig.  12  illustrates  ><he  effect  of  tiae  at  temperature  on  the  degree 
of  damping.  At  the  temperatures.  as  shown  on  the  graph,  between  ambient 
and  200*7.  pronounced  changes  in  the  decrement  were  observed.  The  five 
minute  time  period  appeared  to  be  critical  for  the  transition  to  occur. 

Also  of  interest  is  the  sudden  increase  in  damping  after  one  minute  at 
104*7.  The  damping  rate  appears  to  stabilise  after  ten  minutes  at 
temperature  and  la  progressively  lowered  with  increasing  temperature. 

fig.  13  illustrates  the  effect  of  temperature  upon  the  degree  of 
a— ping  u  shown  by  the  change  in  the  decrement.  At  200*7.  the  deeping 
rate  is  noticeably  less  than  at  room  temperature.  The  moat  pronounced 
change  in  the  damping  rate  is  evidenced  between  94*7  end  134*7.  This 
shows  a  narked  similarity  to  the  data  obtained  on  the  material  in  the  aa- 
caat  condition,  as  tested  acoustically. 

4.  electrical  Resistivity 

The  relationship  of  the  flow  of  electricity  with  the  existing 
structures  and  temperatures  has  been  fairly  well  established  by  previous 
investigators.1®  electrical  resistivity  measurements  provide  a  sensitive 
means  of  studying  atomic  structural  changes  occurring  within  a  metallic 
system.  This  technique  was  applied  to  the  investigation*  of  the  TIKI 
allays  (54.5  and  $3.1  w/o  Si).  A  complete  description  of  the  poly- 
crystalline  specimens  used  and  testing  apparatus  la  given  in  Section  XII 
of  the  Appendix. 

Through  electrical  resistivity  studies  it  was  hoped  that  infor¬ 
mation  would  he  obtained  that  would  shed  some  added  lirht  on  the  existing 
phase-equilibrlw  and  the  long-range  ordering  of  this  alloy  system.  Since 
resistance  to  tha  flow  of  electricity  is  dependent  upon  the  scattering  of 
conduction  electrons,  it  follows  that  a  more  perfect  lattice  of  an 
ordered,  single  phase,  homogeneous,  stoichiometric  alloy  would  provide 
the  least  resistance  to  electron  movement.  With  this  thought  in  mind, 
three  separate  electrical  resistivity  measurements  were  made.  These  were: 

a..  Electrical  resistivity  as  a  function  of  teat  temperature, 
over  the  range  from  -70*7  to  210*7  (-57  tr. 
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b.  Electrical  resistivity  as  a  function  of  test  temperature, 
from  room  temperature  to  900* C 

c.  Electrical  resistivity  (at  room  temperature)  as  a  function 
of  quenching  temperature. 

Electrical  resistivity  data,  for  a  hot  rolled  and  at:  annealed 
54,5  w/o  Mi  alloy  at  test  temperatures  between  about  >70  and  210,'F  is 
given  in  both  Fig.  14  and  Table  IX.  Observing  Fig.  14  it  becomes  apparent 
that  there  is  a  hysteresis  effect  produced  by  cycling  the  temperature  from 
the  starting  point  of  72*F  (22*c)  to  210®F  (99*0)  down  to  a  temperature 
be lev  -6o*F  (>51*C)  and  back  to  roam  temperature.  The  greatest  resistivity 
change  occurs  upon  cooling  in  excess  of  -60'?  (>51°c)  and  warming  to  room 
temperature .  This  result  is  not  surprising  in  view  of  the  X-ray 
diffraction  detection  of  extraneous  phases  precipitating  at  sub-ambient 
temperatures,  shown  in  Fig.  6.  Table  II  is  given  in  addition  to  Fig.  14 
to  indicate  the  time  periods  involved  in  measuring  the  resistivity  values. 

It  can  be  seen  that  while  eight  hours  was  used  in  going  from 
-60*F  (>51*C)  back  to  ambient,  in  this  comparatively  short  warming  time  the 
extraneous  (low  temperature)  precipitating  phases  had  insufficient 
opportunity  to  revert  back  to  the  metastable  TlEi  fora.  It  can  also  be 
seen  in  Fig.  14  that  the  change  in  phase-equilibria  la  accompanied  by  a 
general  decrease  in  the  alope  of  the  warming  curve  from  -60*7  (-5l*c) 
to  room  tmqperature.  As  room  temperature  is  approached,  following  cooling, 
reversion  of  the  extraneous  phases  back  to  the  T1N1  form  take  place.  This 
:ls  corroborated  by  the  reversion  of  the  sub-ambient  temperature  X-ray 
diffraction  patterns  to  the  normal  room  temperature  X-ray  pattern  when  the 
specimen  was  warmed  slightly,  -ee  Fig.  6,  parts  F,  G,H,  I,  and  J. 

Fig.  15  and  Table  III  give  resistivity  data  on  the  55,1  w/o  Mi 
alloy  when  heated  in  an  inert  atmosphere  at  temperatures  up  to  900*C 
(l652*F).  The  data  were  too  scattered  to  be  capable  of  interpretation. 
About  all  that  could  be  concluded  from  Fig,  15  is  the  resistivity 
increases  with  increased  temperature  and  at  900*C  is  about  13?  ’nicrobm-cm. 

The  last  attempt  at  using  electrical  resistivity  measurements  to 
divulge  information  about  the  Tilfl  system  was  done  at  room  temperature  on 
quenched  specimens .  The  idea  behind  quenching  TIVi  strip  specimens 
heated  to  various  temperatures  vae  to  arrest  or  preserve  the  dynamic 
equilibria  existing  at  the  quenching  temperature  between  order  and 
disorder,  wad  measure  this  quantitatively  at  roan  temperature .  Strips  of 
the  55*1  v/°  3i  composition  were  used.  Four  strips  in  all  vere  used,  two 
furnace  cooled  from  593*0  (1100*F)  and  two  other:,  i:  an  air  cooled 
condition  from  hot  rolling  at  J00*0  (1292*F).  Wish  vaese  initial 
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FI6.  14  ELECTRICAL  RESISTIVITY  AS  A  FUNCTION  OF  TEMPERATURE 
FOR  A  54.5  *  Ni-Ti  ALLOY. 
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TABL2  II 


ELECTRICAL  RESISTIVITY  DATA  FOR  HOT  ROUTED* 

54.5  w/o  Ni-Ti  ALLOY  AT  TEMPERATURES  AROUND  ROOM  TEMPERATURE 


Test 

Temperature,  °F 

Res4  stivity 
Micvjhm-cm 

Approximate 
Test  Time,  Hr. 

Remarks 

72  (22°C) 

84.96 

0 

86  (30OC) 

85.40 

110  (43°C) 

86.86 

120  (49°C) 

87.61 

130  (54°C) 

87.94 

140  (60OC) 

88.88 

150  (65°C) 

89.17 

170  (76°C) 

89.69 

8 

191  (88°C) 

90.62 

24 

210  (99°C) 

91.26 

178  ( 8 1°C ) 

89.99 

139  (59°C) 

88.95 

115  (46°C) 

88.46 

72  (22°C) 

89.99 

32 

♦P curiously  high 

at  room  temp. 

75  (24°C) 

86.45 

48 

<•-(?  after  standing 

overnight  more 

in  line  with 

other  data 

66  ( 19°C ) 

86.28 

55  (13°C) 

85.78 

45  (7°C) 

84.90 

35  (2°C) 

84.57 

23  (-5°C) 

83.20 

15  (-9°C) 

82.76 

5  ( *5°C) 

80,76 

0  (-18°C) 

80. 30 

_10  (-23°C) 

79,82 

-20  (-29°C) 

73.81 

.30  (-34°C) 

77.94 

-40  (-40°C) 

76.99 

56 

-60  <-51°C) 

74.41 

72 

- 60-K-51°C ) 

-60  (-51°C) 

73.60 

•50  (-45°C) 

74.06 

..40  (-^OOC) 

74.59 

-30  ( -34°C) 

74.67 

-20  (-29°C) 

75.11 

-10  ( -?3°C) 

75.66 

0  (-18°C) 

75.90 

15  (-9°C) 

76.43 

23  (-5°C) 

76.85 

36  (2°C) 

78.01 

46  (8°C) 

80.42 

58  ( 14°C 

83.11 

66  (19°C) 

84.41 

76 

76  (24°C) 

86.01 

92 

A  Hot  rolled  at  900  and  700°C.  Heat  treaanerit:  1  hour  at  30G°C, 
followed  by  a  furnace  cool.  Inert  atmosphere  used  during  heat 
treatment. 


30 


COOLING-  RUN 
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tc 

IS 

s 

$ 

Data  taken  during 
heating 

Data  taken  during 
cooling  -  Run  #1 

Data  taken  during 
cooling  -  Run  #2 

<? 

H  ohm- cm 

84.71 
90. 27 
86.73 

91.80 

94.80 
88.08 
95.98 

113.75 

97.15 

133.11 

131.62 

116.97 

112.87 

110.48 

108.41 

115.43 

107.34 

114.15 

109.16 
107.24 
101.06 
106. 99 

97.67 

98.39 

93.66 

98.80 
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histories  the  four  strips  were  boated  to  various  temperatures  and  quenched. 
Sleetrleal  resistivity  measurements  vere  made  following  each  quenching 
treatment.  The  resultant  data  are  presented  graphically  In  Figs.  16  and  17* 
Observing  these  figures  It  can  be  seen  In  each  case  the  electrical  resis¬ 
tivity  reaches  a  peek  at  about  800*7  (437*0)  and  drops  sharply  to  a  minimum 
value  at  about  900*F  (h82*c).  Following  tuts  drop  the  resistivity  again 
climbs  with  increased  temperature.  The  fact  that  four  separate  samples 
yielded  the  sane  result  and  tnat  the  gross  change  in  resistivity  amounted 
to  about  10  microhm-cm  supports  the  fact  that  a  real  change  of  some  type 
occurs  between  800*F  (k27*C)  and  900*F  (482*c).  There  still  is  doubt'* 
whether  the  order-disorder  transformation  .Is  continuous  over  a  range  of 
temperatures  or  abrupt. .  The  resistivity  data  given  in  Figs.  16  and  17 
would  indicate  an  abrupt  transformation;  however,  this  is  contradicted  by 
the  X-ray  data  of  Pietrokovsky  and  Youngkin1^  and  the  present  Investigators 
who  detect  (100)  ordering  reflections  from  all  samples  of  TiHi. 

Since  the  ordered  structure  should  provide  the  least  resistance  to 
current  flow  it  would  appear  that  minor  ordering,  perhaps  short  range 
ordering  (or  anti -phase  domains),  occurs  at  all  temperature  levels  from 
below  room  temperature  to  about  800*F  (427*c),  thus  producing  the  ordered 
reflections  in  the  X-ray  diffraction  scans.  However,  between  about  800*F 
(427*c)  and  1000*F  (530*C)  a  sharp  transition  to  long  range  order  may  be 
occurring.  Later  in  the  report  it  will  be  seen  that  a  secondary-hardening 
peak  occurs  in  the  hot  hardness  curve  of  a  quenched  55.1  w/o  Hi  alloy 
specimen  at  865*F  (463*c),  placing  this  phenomena  in  the  same  temperature 
range  is  the  above  marked  resistivity  change. 

5.  Metallography 

The  initial  metallographlc  investigations  into  the  essentially 
stoichiometric  TlHi  alloys  were  quite  startling.  In  every  cue  the 
polished  and  etched  specimens  revealed  a  martensite-like  structure  similar 
to  that  shown  in  Fig.  2.  This  martensite-like  structure  was  particularly 
prevalent  in  the  wrought  materials.  *ollowing  the  misleading  X-ray 
diffraction  results  obtained  from  Tilfi  filings,  which  \  bowed  this  phase 
completely  dissociated  into  Tl2ifl  and  TiMi3,  the  present  investigators 
were  willing  initially  to  concede  that  the  structure  shown  in  Fig,  2 
(with  minor  variations)  may  be  the  true  structure.  However,  about  this 
same  time  other  mechanical  and  physical  property  indications  made 
necessary  further  investigation  into  the  polishing  and  etching  technique.-:. 
Knowing  from  prior  experience  that  the  TiHi-type  alloy  work  hardened 
readily,  great  care  was  exercised  in  the  surface  polishing  procedure.  To 
accomplish  this,  diamond  polishing  was  used.  These  carefully  polished 
specimens  were  then  etched  using  an  etch&i,„  -  ;ntalnlng  concentrated  HNO3 
and  HF  in  varying  proportions  with  water.  Me.-,-;  HF  was  used  'tt  the  higher 
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TEMPERATURE ,*  C 

38  149  260  37!  482  593  704 


QUENCHING  TEMPERATURE  ,  *  F 


FIG.  16  CURVE*  SHOWING  ROOM  TEMPERATURE  ELECTRICAL 
RESISTIVITY  OBTAINED  FROM  STRIP  TiNi  MATERIAL  (55.1  *4 
Ni-TI )  HEATED  TO  VARIOUS  TEMPERATURES  AND  QUENCHED. 
INITIAL  CONDITION  OF  SPECIMENS:  FURNACE  COOLED  FROM 
593  #C  (!IOO*F). 
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TEMPERATURE, *C 


FIG.  17  CURVES  SHOWING  ROOM  TEMPERATUttE  ELECTRICAL 
RESISTIVITY  OBTAINED  FROM  STRIP  TiNi  MATERIAL  (55.1  "/. 
Ni-Ti)  HEATED  TO  VARIOUS  TEMPERATURES  AND  QUENCHED. 
INITIAL  CONDITION  OF  SPECIMENS  :  HOT  ROLLED  TO  0.020“ 
AT  700  *C. 
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titanium  alloys.  This  procedure  resulted  in  revealing  the  trua  structure 
of  these  alloys.  Fig.  3  is  a  photomicrograph  shoving  the  true  base 
structure  with  the  martensite-like  worked  material  covering  part  of  the 
surface. 


Employing  the  new-found  techniques  of  sample  preparation  other 
metallography  investigations  were  performed.  Fig.  lfl  shows  th*  cast,  hot 
rolled,  and  cold  roiled  structures  obtained  in  a  55*1  v/o  Mi  alloy.  The 
"as  cast"  structure  of  this  figure  greatly  resembles  the  cast  structure 
of  8  to  12  v/o  Si-Al  alloys  given  in  the  literature1?.  However,  in  the 
case  of  these  Si-Al  alloys  they  are  t«o-phased  (.VL  solid  solution  + 
silicon)  and  X-ray  diffraction  scans  on  the  55.1  v/o  Hi  specimen  indicates 
a  predominantly  TiHl  phase  material  with  minor  quantities  of  TigHi  and 
T15ii  present.  As  a  result,  in  spite  of  the  similarity  between  "as  east" 
TlHl'and  the  two-phase  Al-Si  eutectic,  it  must  be  concluded  the  TiNi 
structure  is  probably  due  to  dendritic  segregation  or  coring.  Hot  working 
this  caet  55.1  v/o  Hi  alloy  at  increasingly  higher  temperatures  shows 
conclusively  the  predominance  of  the  TlXi  phase.  This  confirms  the  X-ray 
diffraction  findings  given  in  Figs.  4  and  5*  The  extraneous  phases,  shown 
as  rounded  particles  after  rolling  at  1100*C  (2012*F),  are  TI2HI  end  TIN 13 . 
Observing  the  700*C  (1292*F)  structure  reveals  the  gradual  elimination  of 
the  dendritic-type  structure.  Cold  rolling  (about  33Jt  thickness  reduction) 
shown  in  Fig.  IB  tends  to  give  the  material  a  typical  fibred  structure 
with  the  aligning  of  the  excess  phase  particles. 

The  ";ts  caet"  structures  of  the  phases  bracketing  TlHi,  namely 
Ti2Ni  end  TiHi3  cure  shown  in  Figs.  19  and  ?Q.  Lower  magnifications  of 
100X  were  employee',  to  reveal  the  typical  cored  or  dendritic  structures. 
Since  these  phase!,  are  lncap?bl~  of  hot  or  cold  working,  no  further 
metallographlc  studies  were  made. 

Fig.  21  shows  the  result  obtained  by  beating  a  titanium-rich 
TiHl  alloy  (about  52  v/o  Ni)  above  the  solidus  temperature  line 
separating  the  areas  TiHl  +  liquid  and  TiHl  4-  TijJfi.  This  solidus 
temperature  is  variously  reported  as  904"C  and  1015*C.  Observing  Fig.  21 
it  can  be  seen  that  the  base  alloy  was  partially  fused  and  islands  of  the 
TiHl  phase  were  separated  end  suspended  in  s  matrix  of  the  Ti^fi  phase. 
Identification  of  the  phases  was  accomplished  by  microhardness  testing. 

In  this  experiment  whole  masses  of  the  predominantly  Ti^fl  phase  material 
flowed  from  cracks  in  the  arc -melted  button.  The  original  button  did  not 
noticeably  shrink  with  the  loss  of  tho  Ti^ii  phase. 
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AS  CAST,  500  X  HOT  ROLLED  AT  700*C  ,  500  X 


HOT  ROLLEO  AT  1100*0,  500X  HOT  ROLLED  AT  700*  C  TO  0.02l" 

COLD  ROLLED  AT  ROOM  TEMPERATURE 
TO  0.013",  250  X 


FIG.  18  PHOTOMICROGRAPHS  OF  THE  TiNi  COMPOSITION 
ALLOY  CONTAINING  55.1  %  Nl-T. 
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FiG.  19  "AS  CAST"  Tij Ni 
STRUCTURE.  100  MAG. 


FIG.  20  "AS  CAST"  TiNL 

9 

STRUCTURE.  100  MAG. 
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FIG.  21  TWC  PHOTOMICROGRAPHS  SHOWING  Ti-RICH  TIN!  INTERMETALLIC 
COMPOUND  AFTER  HEATING  ABOVE  THE  SOLIDUS  INTO  THE  TIN!  +  LIQUID 
REGION.  VARIATION  IN  MICROHARDNESS  INDENTATIONS  INDICATES  PRESENCE 
OF  TWO  DISTINCT  CONSTITUENTS  TtNi  ( SOFT)  ,  Tl  Ni  (HARD  MATRIX). 
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5.  Mgflaetlc  Susceptibility 

Susceptibility  MuuriMnti  were  made  on  the  5^.5  tad  55.1  v/o 
II  alloys  for  *vo  reasons:  Firsts  to  detect  any  changes  in  the  Magnetic 
properties  of  the  Material  as  a  function  of  test  tasperature  and  secondly, 
to  determine  the  extent  and  stability  of  paraaagnetism  in  the**  alloys  of 
the  Till  type  over  a  vide  tsuperature  range.  The  data  obtained  fton  these 
tests  are  shown  graphically  in  Fig.  22.  Beth  alloys  were  cooled  initially 
from  room  temperature  to  -196*C  (liquid  I2)  and  then  heated  to  temperatures 
in  excess  of  ambient.  The  5^*5  v/c  Ci  alloy  shewd  almost  no  change  in 
mars  eusasptlblllty  with  temperature.  The  55*1  v/o  Hi  alloy  showed  More 
indication  of  susceptibility  change  with  temperature  (particularly  between 
-150  ud  200*C).  However,  variations  of  up  to  3  *  10”°  nay  be 
attributed  to  experimental  error  and  the  susceptibility  of  both  alloys 
should  be  considered  temperature  independent. 

By  definition  ,  a  n paramagnetic  material"  le  one  which  exhibits 
a  snail  and  positive  susceptibility  (K)  value.  Since  permeability  ( p) 
equals  1  +  k  n  K  it  can  be  seen  that  the  expected  pexmsablllty  for  these 
alloys  should  be  very  close  to  unity.  Actual  permeability  measurements 
nade  on  variously  treated  bar  specimens  of  55*1  v/o  Hi  alloy  corroborated 
these  findings.  The  Measured values  were  less  than  1.01  in  every  case. 

From  the  above  findings  it  would  appear  that  the  knc*m  changes 
occurring  in  phase  equilibria  with  temperature,  (Till  TigtL  +  THI3) 
discussed  earlier  in  the  report,  have  almost  negligible  effect  on  the 
Magnetic  susceptibility  and  permeability.  The  latter  consideration  being 
important  in  possible  nonnsagn^tic  applications  of  these  Materials. 

SUMMARY  OF  COHSTZTUTIOH  STUDIES 

Careful  observation  of  the  data  obtain*;:1,  through  tha  physical  property 
studies  and  the  unusual  experiences  encovntered  in  preparing  X-ray  diffrac¬ 
tion  specimens,  lead  the  present  investigators  to  the  general,  conclusion 
that  the  Till  phase  does  in  fact  exist  at  room  temperature  (and  even  below) 
but  that  it  can  best  be  described  ms  a  "me testable"  phase.  The  term 
"metastable"  refers  to  systems  that  often  exl-t  for  long  periods  of  time 
in  states  which  are  not  the  equilibria  ones  as  dafined  by  lowest  free 
energy. 

The  existence  of  Till  in  its  most  phase-pure  condition  appears  to 
occur  at  about  5^*5  v/o  Hi  instead  of  the  calculated  stoichiometric  55.06 
v/o  Hi*  It  was  found  virtually  impossible  to  ieiLito  the  TUI  phase,  as 
either  TisRi  or  Tili3,  or  both,  are  almost  always  present.  This  ecu  br, 
seen  in  the  X-ray  data  given  in  Figs,  k,  5  and  6  sad  the  photomicrographs 
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FIG.  22  MAGNETIC  SUSCEPTIBILITY  OF  TWO  Ni-Ti  ALLOYS 
AS  A  FUNCTION  OF  TEMPERATURE. 
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given  In  Fig.  1&.  It  is  Interesting  to  note,  in  the  various  parts  of 
Fig.  6,  that  the  quantity  of  these  extrac.  oue  phases  varies  with  tempera¬ 
ture.  The  damping  phenomena,  as  measured  by  low  frequency  internal  friction 
measurements  and  qualitative  high  frequency  sound  tests,  confirms  this 
finding. 

The  damping  phenomena  as  observed  in  the  54.5  v/o  Ml  alloj  appears  to 
be  most  closely  associated  with  the  general  category  of  damping  due  to 
solute  atoms  or  more  specifically,  transformation- type  damping.  As 
indicated  by  the  X-ray  diffraction  studies,  there  is  a  change  in  phase- 
equilibria  in  this  alloy  aa  the  temperature  is  minted  from  ambient. 

Heating  to  the  120  through  1S0*F  (49-82*0)  range  appears  to  produce  a  more 
phase-pure  TIMi  structure.  This  phase  purity  seems  to  he  further  enhanced 
by  the  presence  of  iron  up  to  0.1  v/o  which  tends  to  stabilize  the  TIMi 
phase  at  lower  temperature  levels.  At  first  it  appeared  that  if  a  phase 
pur*  Tiffi  material  evicted  the  damping  capacity  would  be  very  low.  However, 
this  idea  is  contradicted  by  the  poor  damping  capacity  of  a  54.8  v/o  Ml 
alloy  and  higher  Ml  alloys  at  room  temperature,  these  alloys  being  far 
less  TIMi  phase  pure  than  the  54.5  w/o  Mi-Ti  alloy.  Baaed  upon  these 
observations  It  appears  that  the  damping  capacity  of  the  TIMi  phase  alloys 
are  drastically  affected  by  the  TigMi  phase  or  impurity  phases.  This  Is 
confirmed  by  the  fact  that  departing  from  stoichiometry  on  the  nickel-rich 
aide  (increasing  the  presence  of  TiMl.3  phase)  produces  a  low  damping 
capacity  around  ambient  temperatures.  Conversely,  going  to  the  titanium- 
rich  side  of  TIMI  (increasing  the  presence  of  TipMi  phase),  causes  these 
alloys  to  dampen  vibrations  readily  around  ambient  temperatures. 

X-ray  diffraction  scans  on  the  54.5  v/o  Mi  alloy,  at  varying  tempera¬ 
tures,  were  able  to  depict  a  change  in  phase-equilibria  but  were  unable 
to  tell  which  phase(s)  (possibly  TlgRl  or  TlMi3)  was  changing  in  magnitude. 
This  X-ray  diffraction  limitation  was  due  to  the  constructive  interference 
produced  by  the  reflections  from  the  TigMi  and  TIMI3,  making  It  virtually 
Impossible  to  be  certain  which  of  the  extraneous  phases  has  changed, 

Tlw  major  difference!  that  exist  In  the  dating  characteristics  of 
the  arc-cast  and  hot  worked  alloys,  shown  in  Figs.  ^  and  8,  may  be  due  in 
part  to  precipitation  of  extraneous  pbase(s)  with  hot  work  and  tbs  added 
effects  of  grain  boundary  Internal  friction. 

While  investigating  the  difference  in  damping  characteristics  between 
arc-melted  and  hot  worked  material,  residual  casting  stresses  in  the  arc- 
melted  bars  were  cocsidsred  as  a  possible  cause  of  the  difference.  The 
stress-dependent  idea  was  eliminated  by  annealing  arc-cast  bars  for  pro¬ 
longed.  periods  of  time  at  900* C  in  an  argon  ataoopo?  e  followed  by  furnace 
cooling.  These  stress-relieved  bars  were  tested  and.  found  to  posse:.  5  the 
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same  damping  characteristics  as  the  "as  east"  unrelieved  bars. 

On  the  basis  of  the  torsion  pendulum  tests  supplemented  by  X-ray 
diffraction,  hardness,  and  electrical  resistivity  data,  it  appears  that  a 
major  portion  of  the  damping  phenomena  is  directly  associated  vith  the  phase- 
equilibria  existing  in  the  alloy  at  a  given  temperature.  Other  internal 
friction  mechanisms  aay  contribute  to  a  lesser  degree.  Some  of  these 
mechanisms  vhich  may  be  pertinent  are  dissolved  interstitial  atoms  and 
tbelr  effect  on  dislocation  movement,  and  degree  of  atonic  ordering 
present  in  the  system  -  more  complete  order  providing  far  easier  dis¬ 
location  movement.  Damping  has  been  iou^d  by  previous  investigators  to  be 
inversely  proportional  to  degree  of  order,  the  highly  ordered  materials 
being  less  capable  of  attenuating  mechanical  vibration. 

In  sumaary,  it  must  be  agreed  that  the  constitution  of  alloys  in  the 
composition  range  of  Tilfi  is  not  a  simple  relation  9>21.  This  is 
especially  true  at  the  lover  temperatures,  both  above  and  below  ambient. 

In  this  temperature  range  minor  variations  in  temperature  cause  proportional 
changes  in  the  existing  phase-equilibria2*.  Some  of  these  phase  trans¬ 
formations  require  a  time  of  relaxation  or  like  moat  chemical  processes  are 
capable  of  being  expedited  by  slight  increases  in  temperature. 

One  Important  fact  uncovered  in  the  present  investigation  was  the 
conclusive  evidence  of  the  existence  of  the  Tilfi  phase  at  room  temperature 
and  below.  Some  form  of  external  energy,  e.g.,  working,  working  plus 
heat,  itc.,  is  required  to  cause  its  dissociation.  Why  the  TIM- type 
alloys  undergo  a  martensitic-like  transformation  with  surface  abrasion, 
heat,  or  both,  and  the  relationship  of  this  vith  the  kinetics  of  toe 
TiM-»Ti2fci  +  TIM 3  dicsociaticm  reaction  remains  for  further  study. 

Metastability  is  common  in  many  Important  metallurgical  systems ,  e.g., 
quench  hardened  steel,  precipitation  hardened  non-ferrous  alloys  and  the 
existence  of  Ft 3C  in  steels  in  preference  to  its  dissociation  products  of 
iron  and  graphite.  As  with  other  systems,  the  thorough  understanding  of 
the  dissociation  mechanism  and  mstastabillty  of  the  Tin  phase  may 
possibly  lead  to  the  development  of  inportant  engineering  alloys. 


BfGBfEERIHG  PROPERTIES  OF  TIM  AID  Tilfi -BASE  ALLOTS 

Concurrent  with  the  constitution  investigations  of  the  TIM  phase  in 
the  titanium-nickel  alloy  system  was  a  significant  effort  to  obtain 
mechanical  property  and  engineering  data;  particularly  data  that  might  be 
related  to  constitutional  changes  occurring  ' a  the  Tilfi  and  TIM -base 
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materials.  Without  further  discussion  data  arc  presented  below: 

1.  Hardness 


Hardness  measurements  were  made  at  temperatures  ranging  from  as  low 
as  about  -103*?  (-75*C)  up  to  1B00*F  (982*c).  For  the  hardness  raeasurements 
between  »103*F  (-75*C)  and  212*F  (100  C)  a  modified  Rockwell  tester  was 
employed.  This  tester  was  equipped  with  an  immersion  bath  for  either 
heating  or  cooling  the  anvil,  specimen,  and  lndenter.  Rockwell  testing 
was  preferred  because  of  the  quickness  of  the  ts.?t  and  the  gross  indentations 
mad*-,  oy  the  diamond  indentor,  the  latter  being  important  in  measuring  the 
"average"  hardness  of  coarse  structures. 

Hot  hardness  measurements  were  performed  in  the  proprietary 
tester  shown  in  Fig.  23.  This  tester  uses  a  diamond  pyramid  ground 
sapphire  lndenter  mounted  in  a  molybdenum  holder.  The  lndenter,  anvil, 
and  specimen  are  heated  to  a  given  temperature  by  radiation  frost  a  tungsten 
resistor  element.  The  entire  test  assembly.  Including  heat  shields,  is 
mounted  inside  an  evacuated  water-cooled  chamber.  The  average  gas  pressure 
during  the  run  is  about  5  microns.  Through  specimen  manipulation  during 
the  run,  it  is  possible  to  make  a  complete  series  of  hardness  measurements 
at  various  temperatures  without  opening  the  heating  chamber. 

Table  IV  gives  hardness  data  at  room  temperature  for  TiNi,  Ti^li, 
and  TiHig.  Fur  these  tests  the  TiKi  alloy  was  of  the  55.1  w/o  Hi  composition, 
which  was  found  to  he  slightly  nickel-ricb  As  a  result,  it  can  be  seen  in 
Table  IV  that  the  room  temperature  hardness  Increases  with  an  Increase  in 
rolling  temperature.  The  rapid  cool,  from  rolling  temperatures  in  excess 
of  about  900* C,  produces  this  hardening.  The  actual  hardening  phenomena 
in  nickel-rich  alloys  will  be  discussed  in  more  detail  in  a  subsequent 
section  of  this  report. 

Frau  the  data  of  Table  IV  it  can  also  be  seen  that  while  the 
TigNi  compound  alloy  is  quite  hard  (53  Rc),  the  T1H13  compound  has  a  hardness 
(3*4-  Rc)  more  like  that  of  the  T1H1  alloy.  Yet  in  spite  of  the  much  lower 
hardness  exhibited  by  TlHi3  it  is  similar  to  the  TijaRi  compound  in  that  it 
lr  brittle  even  at  high  homologous  temperatures. 

Fig.  2k  shows  a  plot  of  hardness  as  a  function  of  weight  percent 
nickel,  with  the  remainder  of  the  alloy  being  essentially  titanium.  In 
this  figure  three  curves  are  shown,  these  represent  varying  rates  of 
cooling  from  a  temperature  range  of  900  to  1050* C  (1652  to  1922°F).  Certain 
interesting  facts  are  revealed  by  careful  obsen \  of  the  three  curves. 
First,  there  is  a  minimum  hardness  composition  evtaicc-d  in  the  Hi-Tl  alloys 
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SHOWS  TEST  UNIT,  VACUUM  SYSTEM,  AND  POWER  SUPPLY.  PHOTO  ON 
RIGHT  SHOWS  TESTER  OPENED  REVEALING  SAPPHIRE  INDENTER ,  HEAT 
SHIELDING  AND  THERMOCOUPLE  LEADS. 
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TABLE  IV 

HARDNESS  DATA  FOR  TiNi,  Ti2Ni,  AND  TiNi,  COMPOSITIONS 


Alloy 

Composition 

Alloy 

Melting 

Hot  Rolling 
Temperature 

Hardness 

Remarks 

TiNi* 

Button  Arc 

As  Cast 

30  -  31 

Rc 

TiNi 

Button  Arc 

600°C 

38  Rc 

Hot  rolled 
from  about 
.3"  to  .1" 
some  edge 
cracking 

TiNi 

Button  Arc 

700°C 

38  Rc 

Hot  rolled 
from  about 
.3"  to  .1" 

TiNi 

Button  Arc 

950°C 

32  -  34 

Rc 

M  II  II  II 

TiNi 

Button  Arc 

1000°C 

39  Rc 

II  II  II  II 

TiNi 

Button  Arc 

1100°C 

39  -  41 

Rc 

II  II  II  It 

Ti2Ni 

Button  Arc 

As  Cast 

53  Rc 

Ti2Ni 

Button  Arc 

950°C 

Cracked 

severely 

during 

initial 

pass 

through 

mill 

TiNi, 

Button  Arc 

As  Cast 

34  Rc 

TiNi, 

Button  Arc 

1050CC 

— 

it  H  ii  « 

1 
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FIG.  24  HARDNESS  AS  A  FUNCTION  OF  NICKEL  CONTENT  FOR 
VARIOUSLY  TREATED  TIN!  ALLOYS 
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at  about  5U.5  v/o  Hi.  This  aade  the  present  investigators  suspicious  of 
the  55.1  v/o  Ni-Ti  alloy  as  representing  the  stoichiometric  composition. 
Subsequent  X-ray  diffraction  studies  c:oflraed  the  fact  that,  the  are- 
aelted  5k.  5  w/o  Hi  alloy  gave  a  nore  phase-pure  TiNi. 

Another  interesting  piece  of  infomaticn  obtained  froa  observing 
Fig.  2k  Is  that  the  alloys  of  about  55  v/o  Ni  and  lover  Hi  content  all 
yield  about  the  sane  hardness  regardless  of  the  cooling  rate.  Alloys 
containing  in  excess  of  55  v/o  Hi  produce  a  considerable  hardness 
variation  with  cooling  rate.  Furnace  cooling  produces  a  constant-  hardness 
in  the  Hi-Tl  alloys  containing  between  55  end  60  v/o  Hlt  while  water 
quenching,  end  the  rapid  air  cool  from  900’ C  (lL52*F)  rolling  temperature 
produces  a  narked  Increase  in  hardness.  This  hardness  approaches  about 
62  Hc  between  60  and  (&  v/o  HI. 

A  possible  explanation  for  the  entire  hardening  behavior  nay  be 
obtained  by  observing  the  left  panel  of  Fig.  1^.  In  this  figure  the 
homogeneity  limits,  of  the  tentative  T1H1  phase  area,  are  approximately 
53  and  57  v/o  HI  below  about  900*  C  (l652*F).  In  addition,  there  exists  a 
retrograde  solubility  between  the  Till  and  71H1  +  TIHlq  phase  areas  in  the 
temperature  range  from  900 *C  to  1110*C  (l652*F  to  2030*F).  Based  upon  this 
constitution  diagram,  little  hardness  change  with  varying  cooling  rate 
would  be  expected  between  53  57  v/o  Hi.  Also,  scow  composition  near 

stoichiometry  should  produce  a  near  perfect  TlHi  phase.  This  was  found 
to  exist  in  the  arc-melted  button  alloys  at  about  5k. 5-  v/o  Hi.  An 
Increase  in  HI  or  Ti  atoms  by  deviating  either  direction  from  stoichio¬ 
metry,  should  produce  m  solution  hardening  effect  -  which  actually  occurs. 
In  spite  of  the  narrow  composition  for  minimum  hardness,  little  difficulty 
was  encountered  in  melting  additional  alloys  of  the  5k. 5  v/o  Hi  composition 
and  obtaining  reproducible  har loess  results. 

On  the  Hi-rich  side,  55*1  v/o  HI  end  higher,  it  appears  that  by 
cooling  rapidly  from  above  about  900* C  (l652*F)  a  Jisprpportionate  amount 
of  Hi  (probably  as  TIHI3)  remains  intimately  mixed  as  a  fins  dispersion 
in  the  Till  matrix  causing  a  drastic  hardening  of  these  Hi-rich  alloys. 

This  hardening  phenomena  is  probably  only  possible  because  of  .he  retro¬ 
grade  solid  solubility  between  the  TlHi  end  TlHi  +  TiHig  phases.  Furnace 
cooling  these  same  alloys  containing  excess  nickel,  allows  an  equilibrium 
coalescence  of  the  TIHI3  in  s  TlHi  matrix  sad  results  in  virtually  no 
hardness  change. 
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The  existence  of  the  wide  gap  between  the  "quenched"  and  "furnace 
cooled"  curves  of  Fig.  24  (between  57  sad  62  w/o  Mi),  ude  the  prospect  of 
"tempering"  the  quench-hardened  ulloys  to  intemedlate  hardnesses 
Interesting.  Through  a  pseudo- teapering  heat  treatment  It  van  hoped  that 
a  closely  controlled  hardness  would  be  possible  with  the  associated  improve- 
sent  iii  properties  -  particularly  toughness. 

These  pseudo-tsmpering  studies  ¥61*6  perforat’d  or  the  60  v/o  Ml-Ti 
sllfjy.  First,  suitable  specimens  of  this  alloy  were  quenched  to  about  6l 
Re  and  following  this  they  were  heated  for  prolonged  periods  of  time  at 
temperatures  frost  600  to  900*  C  (1112  to  1652*F).  Mach  specimen  was  heated 
at  a  different  temperature,  followed  by  a  still  air  cool.  Fig.  25  shows 
the  results  of  these  treatments.  As  expected,  the  6oo*C  (1112®F)  tempering 
temperature  caused  only  a  minor  drop  in  hardness  end  leveled  off  after  about 
30  minutes  at  about  58  Re*  The  70 0*0  (1292*F)  temperature  produced  a 
considerable  drop  in  hardness  down  to  about  44  Rc  and  also  leveled  off 
after  about  30  minutes  at  temperature.  The  800*C  (1472*F)  and  900*C 
(1652*F)  tempering  temperatures  produced  less  hardness  drop  than  was 
experienced  at  700*C  (1292*F).  The  unusual  behavior  of  the  000  and  900*C 
tempering  treatments  further  pointed  up  the  influence  exerted  by  the  retro¬ 
grade  solid  solubility  change  discussed  earlier.  From  these  date  it  wee 
decided  that  for  tempering  temperatures  in  excess  of  about  800*C  (l472*F) 
the  rate  of  cooling  wee  the  principal  controlling  factor  in  the  determination 
of  the  resulting  hardness. 

This  finding  was  confirmed  by  quenching  the  same  specimens  again, 
then  heating  at  various  tsmperature  levels  for  one  hour  followed  by  furnace 
cooling.  These  data  are  shown  in  Fig.  26  and  compared  with  the  results 
obtained  tr/  air  cooling  In  still  air.  Row  it  can  be  seen  from  Fig.  26 
that  the  tempered  hardness  decreases  steadily  as  the  treating  temperature 
is  increased.  By  employing  furnace  cooling  the  controlling  factor 
influencing  final  hardness  becomes  the  treating  temperature. 

Table  V  gives  some  data  on  the  effect  on  hardness  produced  by 
varying  the  cooling  rate.  From  these  data  it  can  be  seen  that  widely 
varied  intermediate  hardnesses  are  possible  by  beating  into  the  retrograde 
solubility  temperature  range  followed  by  a  controlled  cooling  rate. 

At  the  time  of  the  preparation  of  this  report  no  data  were 
available  on  the  relationship  between  the  pseudo-tempered  hardness  and 
other  mechanical  properties,  e.g.,  Impact  strength,  tensile  strength, 
elongation,  Young’s  modulus,  etc.  This  study  is  currently  being  performed 
and  will  be  reported  later. 
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FIG.  25  HARDNESS  CHANGES  OCCURRING  IN  QUENCHED 
60 w/o  Ni-Ti  ALLOY  WHEN  REHEATED  AT  TEMPERATURES 
FROM  600  TO  900  °C. 
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FiG.  T;6  SHOWS  THE  EFFECT  OF  COOLING  RATE  ON  FINAL 
HARDNESS  OF  A  60  %Ni-T;  ALLOY  GIVEN  A  POST- QUENCH 
ANNEALING  TREATMENT 
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TABLE  V 


EFFECT  OF  COOLING  RATE  ON  THE 
RESULTING  HARDNESS  OF  60  v;/o  Ni-Ti  ALLOY 


Nominal  Alloy 

Thermal 

b 

lardness  ** 

Composition 

w/o 

Treatment* 

Ra 

Rc  (By  Conv, ) 

60  Ni  -  Ti 

1050°C,  20  min.  H20 

Quench 

82 

61 

60  Ni  -  Ti 

1050°C,  20  min.,  Air 

Cool 

76.5 

51 

60  Ni  _  Tl 

Heated  and  Cooled  in 
Stain. St.  block  1-1/2" 

D.  x  1-1/2"  -  105C3C, 

90  min. ,  cooled  in 
vermicuiite 

70 

39 

60  Ni  -  Ti 

HjO  Quenched  from  1050°C 
followed  by  650°C,  1/2 
hour,  furnace  cooled 

71 

41 

*  Specimen t  -  1/2"  diameter  cylinder  about  1/2"  long, 

**  Hardness  data  taken  from  a  carefully  prepared  flat  on  the 
side  of  the  cylinder. 
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It  vu  decided  to  measure  hardness  near  ambient  temperature  after 
the  X-ray  diffraction  Investigations  revealed  changes  In  phase-equilibria 
with  minor  temperature  changes.  TLese  aoasureoente  were  performed  at 
temperatures  between  about  -75*C  (103®F)  and  1Q0*C  (212*F)  on  /s  modified 
Rockwell  tester.  A  summary  of  the  hardness  data  obtained  on  six  specimens, 
varying  from  50  to  60  v/o  Hi,  is  given  In  Table  VI.  Probably  the  moot 
significant  part  of  these  data  is  the  variation  In  the  values  of A  Hardnes^ffV. 
given  In  the  bottom  row  of  the  table.  It  conclusively  indicates  that  the 
major  changes  in  hardness  (and  phase-equilibria)  are  occurring.  In  this 
temperature  range,  at  or  near  the  stoichiometric  TUil  composition.  In  this 
same  vein  Fig.  27  is  given  to  show  the  hardness  hysteresis  effects, 
particularly  at  the  lover  temperatures.  These  data  corroborating  the 
time-dependent  relaxation  phenomena  revealed  In  the-  ?k,5  v/o  Ni  alloy  by 
X-ray  diffraction,  internal  friction,  and  electrical  resistivity  measurements. 

In  addition  to  the  hardness  studies  performed  at  and  around  room 
temperature,  some  effort  was  devoted  to  determining  hardness  at  temperatures 
up  to  lfiOO’F  (962*0).  Using  the  hardness  tester  previously  described,  hot 
hardness  measurements  were  made  on  TijM,  TIM3  and  TIM.  In  the  case  of 
the  TIM  confound,  both  the  5k.  5  and  55. 1  w/o  1(1  alloys,  in  the  furnace 
cooled  and  rapid  cooled  condition,  were  studied.  The  hardness  data  for 
all  of  the  above  compound  systems  are  shown  In  FlgB.  26  and  29. 

Observing  the  curves  of  the  TIM  compositions  (5k. 5  and  55*1 
v/o  Hi)  It  can  be  seen  that  in  both  cases  the  rapidly  cooled  specimens 
underwent,  a  well  defined  secondary  hardening  phenomena  at  a  temperature 
slightly  below  900*F  (k82*C).  Similarly,  the  same  compositions  when 
furnace  coded  exhibited  an  almost  continuous  hardness  decrease  with 
temperature  increase.  As  previously  mentioned,  these  secondary  hardening 
tendencies  in  the  Till  phase  are  believed  to  be  related  to  the  existing 
degree  of  order  (superlattice)  or  presence  of  extraneous  interstitial 
elements  or  phases  based  upon  these  elements.  Westbrook  ,  in  his 
comprehensive  review  of  the  literature  efi  lnteimetallic  compounds,  shows 
hardening  peaks  in  NI3AI  at  higher  temperatures.  Thest  he  attributes 
to  strain  aging  phenomena.  Further,  tfustbroox*  shows  an  increased 
magnitude  in  these  peaks  in  HI3AI  when  the  interstitial  elements  C,  0, 
and  H  were  introduced.  However,  the  compound  M3AI  is  an  A3B  type 
compared  to  the  AB  type  of  T1M1  and  there  exists  many  irregular  pe»k* 
in  the  M3AI  compared  to  the  smooth,  well  defined  single  peek  in  TIM. 

Also,  it  seems  more  than  coincidence  that  this  well  defined  peak  should 
correspond  so  well  with  other  physical  changes  in  TIM,  e.g.,  resistivity, 
dilation,  etc.  This  points  strongly  to  order-disorder  (or  short-range  to 
long-range)  transformations  as  being  responsible  far  tfc:  hot  hardness 
behavior  in  rapidly  cooled  specimens.  Westbrook^  fovad  that  in  the  case 
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FIG.  27  CURVES  OF  HARDNESS  AS  A  FUNCTION  OF  TEST 
TEMPERATURE  FOR  A  54.5  "4  Mi-Ti  ALLOY  GIVEN 
DIFFERENT  INITIAL  HEAT  TREATMENTS. 
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TEST  TEMPERATURE  ,  *F 


FIG.  26  HOT  HARDNESS  CURVES  FOR  WATER  QUENCHED  AND 
FURNACE  COOLED  34.5  w/.  Ni-  Ti  ALLOY. 
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FIG.  29  SHOWING  HOT  HARONESS  DATA  ON  THE  THREE  INTERMEDIATE 
PHASES  OF  NICKEL-TITANIUM 
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of  the  Ah  type  compound s  A&g  and  MA’i  that  the  hardness  of  the  stoich-*  o- 
metric  compound  vas  harder  at  very  high  homologous  temperatures .  While 
the  non- stoichiometric  alloy  compositions  were  harder  at  the  low 
homologous  temperatures,  he  reasoned  that  at  lev  fractions  of  the  melting 
point,  deformation  proceeded  primarily  by  slip,  and  any  lattice  defects 
constituted  impediment  to  slip.  While  at  the  high  homologous  temperatures 
deformation  is  primarily  diffusion  controlled  and  hence  a  lattice  imper¬ 
fection,  such  as  a  vacancy  defect,  enhances  diffusion. 

h. 

Based  upon  Westbrook's  anologies  ,  it  would  appear  that  the 
rapidly  cooled  T1H1  specimens  were  hardened  V  ordering  transformations. 

This  is  particularly  evident  since  the  (100)  superlattice  line  was  noted 
in  all  of  the  room  teepsrature  X-ray  diffraction  scans,  regardless  of 
prior  thermal  treatment.  Whether  thle  forbidden  (100)  reflection,  at 
ambient  temperature,  represents  large  domains  of  short-range  order  or 
long-range  order  remains  In  doubt.  However,  in  the  rapidly  cooled  TIM 
specimens  some  atomic  structural  rearrangement  appears  to  occur  upon 
heating  between  about  600  to  900*F  (3l6-l*82°c)  that  has  a  significant 
effect  upon  the  elevated  temperature  slip  mechanism.  Further  confirmation 
of  the  occurrence  of  this  structural  change  was  established  by  dllatcmetric 
measurements.  A  comparison  of  ♦>-,  hot  hardness  and  differential  dilation 
curves  are  shown  In  Fig.  30.  Very  real  and  significant  slope  changes  ore 
present  In  the  dilation  curve  at  a  temperature  corresponding  to  the  peak 
In  the  rapid  cooled  hardness  curve. 

Order-disorder  transformation  theory20  indicates  that  the  order 
in  an  AB  type  alloy  continuously  changes  with  temperature.  However,  as 
the  temperature  increases  the  change  becomes  more  rapid  and  finally 
becomes  extremely  fast,  perhaps  conaunatlng  in  a  long-range  order  or 
lattice  perfection  that  restricts  diffusion  and  promotes  the  associated 
Increase  in  hardness. 

Creep  is  related  to  hot  hardness  in  that  creep  is  a  form  of 
thermally  activated  plastic  flow.  While  hardness  (cold  or  hot)  measures 
the  resistance  of  a  material  to  plastic  deformation  -  usually  by 
indentation.  As  a  result,  the  same  thermal  activation  that  Is  an  essential 
factor  in  creep  should  proportionally  affect  hardness  measurements. 

The  het  hardness  curves  given  in  Figs.  28  and  29  are  important 
from  the  standpoint  of  indicating  the  potential  elevated  temperature 
strength  and  creep  properties  in  the  essentially  phase-pure  M-Ti  compounds. 
By  observing  these  curves  it  can  be  seen  that  the  expected  creep  rate  would 
be  high  and  the  load  carrying  capacity  low  in  TIM  above  about  1200*F 
(649*C).  TijaNi  should  exhibit  excellent  elevaWi  V-aperature  strength 
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FIG.  30  SNOWS  CURVES  OF  HOT  HARDNESS  AND  DIFFERENTIAL 
DILATION  PLOTTED  ON  THE  SAME  TEMPERATURE  AXIS.  NOTE  CHANGES 
IN  SLOPE  OF  THE  DILATION  CURVE  AT  A  TEMPERATURE  CORRESPONDING 
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to  1200®F  (61+9*C)  with  a  rapid  decrease  above  this  temperature.  TlNi^ 
should  possess  a  lover  strength  then  Ti.Jtfi  in  the  lover  temperatures,  hut 
its  maximum  usable  strength  capabilities  se>m  to  extend  up  in  the  vicinity 
of  l6oo’F  (871*C). 

Though  the  TIN 13  and  Ti^i  appear  more  useful  from  an  elevated 
temperature  standpoint,  thair  brittleness  at  all  temperatures  limits  their 
usefulness  as  single-phase  structural  materials.  TiKi,  on  the  other  hand, 
does  not  suffer  these  same  brittleness  problems.  What  then  vould  be  the 
elevated  temperature  strengthening  effect  of  introducing  one  or  both  of 
these  brittle  phases  Into  a  ductile  TiHi  matrix?  A  partial  answer  may  be 
seen  in  the  hot  hardness  curves  given  in  Fig.  31.  In  this  figure  can  be 
seen  the  significant  hardening  and  strengthening  effect  at  elevated 
temperatures  produced  by  the  addition  of  an  excess  of  5  v/o  Hi.  The 
second  phase  responsible  for  the  persistent  increased  hardness  of  the  TiNi 
matrix  is  undoubtedly  However,  again  as  with  the  almost  phase- 

pure  TiHi,  the  maximum  useful  te^erature  appears  to  be  1200*F  (649*c). 

2.  Tensile  Properties 

Tensile  properties  were  measured  on  both  the  5^.5  and  55. 1  v/o 
Hi  alloys.  In  every  case  a  standard  specimen  measuring  0.252"  diameter 
x  1.0”  gage  length  was  employed.  The  actual  test  sections  were  finish 
lapped  in  the  longitudinal  direction  to  avoid  any  possible  transverse 
notches.  In  a  few  Instances  the  test  sections  and  radii  were  electro- 
polished  to  minimise  notch  effects.  Ho  noticeable  advantage  was  obtained 
from  electropolishing  and  this  step  vas  eliminated.  To  avoid  oxidizing 
the  prepared  sample  surfaces  and  minimize  the  possible  interstitial 
element  (0,  H,  H)  pickup  vacuur  or  cortrolled  atmosphere  heat  treating 
vaa  used.  Vacuum  heat  treating  vas  performed  in  an  evacuated  quartz  tube. 

The  teaaile  test  results  obtained  from  the  two  TiHi  alloys  are 
given  in  Table  VII.  By  observing  these  data  several  things  become  apparent. 
These  are: 

a.  The  ductility,  a a  indicated  by  the  percentage  elongation,  can 
go  as  high  as  15*5 5».  With  the  average  naming  more  in  the  7  to  10^  range. 
Some  of  the  lover  values  being  produced  by  sample  failure  outside  the  gage 
length.  For  an  intermetallic  compound,  even  employing  the  more  flexible 
definition  (see  Introduction)  this  is  an  unusually  high  room  temperature 
elongation. 


b.  The  ultimate  tensile  strength  tends  to  vary  between  about 
110,000  and  1^0,000  pel.  There  appears  to  be  lit vie  pattern  to  the 
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relationship  between  heat  treatment,  composition,  and  ultimate  tensile 
strength. 


c.  The  yield  strength,  on  the  other  hand,  varies  considerably 
with  composition  and  heat  treatment.  The  55.1  v/o  Hi  alloy  shoving  the 
greater  spread  in  this  property.  This  slightly  Ni-rlch  alloy,  with  its 
increased  extraneous  phases  (particularly  TIHI3)  exhibits  higher  yield 
strengths  in  the  rapidly  cooled  condition, 

1.  Modulus  of  elasticity  on  the  average  is  fairly  constant, 
regardless  of  composition  or  heat  treatment,  at  slightly  above  11.  x  10°  psi. 

e.  Little  change  occurs  in  the  5^.5  v/o  Hi  alloy  when  the  test 
temperature  is  raised  to  235  to  192*P  (85  to  89*C). 

In  general,  it  appears  that  the  presence  of  minor  quantities  of  a 
second  phase(s)  serves  mainly  to  increase  the  yield  strength  level.  How¬ 
ever,  more  conclusive  experimental  evidence  on  the  Influence  of  these  minor 
phases  on  mechanical  properties  Is  needed.  Future  plans  of  the  present 
investigators  call  for  cooling  tensile  specimens  of  the  5^.5  v/o  Hi  alloy 
to  sub-ambient  temperatures  followed  by  rapid  warming  to  room  temperature 
and  immediate  testing.  Through  this  sub-ambient  treatment  it  vlll  be 
possible  to  dissociate  some  of  the  T1H1  into  Ti^Hi  and/or  TIHI3  (sec 
Fig.  6).  The  quantity  of  the  extraneous  pbase(s)  can  be  controlled  by  the 
cooling  temperature  and  time.  The  long  relaxation  times  at  room  temperature 
for  the  transformation  back  to  TIRi  phase  should  allow  sufficient  tensile 
testing  time. 

3.  Impact  Properties 

For  these  tests  very  carefully  prepared  unnotched  square  cross - 
section  bars  were  used.  The  specimen  surfaces  were  hand  lapped  in  the 
longitudinal,  direction  to  minimise  transverse  scratches.  The  Charpy  impact 
tests  were  performed  in  a  standard  Rlehle  machine.  The  resulting  data  are 
given  in  Table  VIII. 

Again,  as  in  the  case  of  the  tensile  elongation,  the  present 
investigators  were  pleased  with  the  unusually  high  impact  strengths  as 
cospared  with  most  in te metallic  compounds.  For  both  of  the  T1H1  alloys 
the  minimum  value  was  23  ft-lbs  even  on  the  undersixe  specimens  (0.296"  sq). 
In  both  the  5^*5  and  55,1  v/c  Hi  alloys  the  impact  strength  was  enhanced  by 
cooling  the  specimen  to  a  test  temperature  of  «112*F  (-80*0)  prior  to 
testing.  This  Is  again  undoubtedly  related,  to  the  change  in  phase-equilibria 
and  will  require  additional  investigation  i-r  explain  the  phenomena.  From 
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*  Unnotched  square  cross-section  bars  were  employee 
+  Specimens  prepared  from  hot  swaged  (900°C)  bars. 
++  Specimens  prepared  from  hot  rolled  (900°C)  plate 
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Table  Till  it  can  also  be  seen  that  heating  to  a  test  temperature  of  200*F 
(93*0)  improred  the  Impact  strength  only  slightly. 

4.  Kecrystallization  and  Grain  Growth 

If  a  metal  or  alloy  is  deformed  below  its  recrystallisation  tem¬ 
perature  it  is  said  to  be  "cold  worked."  In  this  condition  the  grains  are 
no  longer  polygon  shaped  but  instead  are  elongated  in  the  direction  of 
working.  Under  a  process  of  "recrystallisation"  the  atoms  present  In  the 
material  rearrange  themselves  into  an  entirely  new  set  of  crystals.  This 
rearrangement  starts  from  very  small  av^'ei  which  grow  until  all  of  the 
cold  worked  material  is  consumed.  The  resulting  process  lowers  the  free 
energy  of  the  system.  When  recrystallisation  is  complete  and  the  re~ 
crystallization  temperature  is  exceeded  some  of  the  new  grains  further 
increase  in  size  at  the  expense  of  their  neighbors.  The  driving  force 
behind  this  phenosena  being  once  again  a  reduction  in  the  free  energy  of 
the  system. 

Studies  to  determine  the  recrystallltatlon  temperature  and  grain 
growth  behavior  were  undertaken  since  it  was  possible  to  cold  work  (by 
rolling)  the  TlHi  alloy  below  its  recrystallixatlon  temperature.  These 
studies  resulted  in  the  graphical  data  given  in  Figs.  32  and  33.  Fig  32 
shows  the  effect  on  hardness  of  heating  cold  reduced  specimens  (4.95  to 
21.7!#)  one  hour  at  various  temperatures.  As  might  be  expected  the 
Initial  room  temperature  hardnesses  Increased  proportionally  with  the 
degree  of  cold  reduction.  All  the  specimens  in  Fig.  32,  vitb  the  possible 
exception  of  the  21.7*#  cold  reduced  specimen,  increased  in  hardness  with 
heating  one  hour  at  400*C  (752*F).  Then  the  hardness  of  all  of  the 
specimens  dropped  drastically  at  about  600*C  (1112*F).  This  sharp  hardness 
drop  indicating  the  Tllfi  recrystallisation  tsaperature.  Metallographic 
examination  of  the  same  specimens  confirms!  the  600*C  (1112*F)  recrystalli¬ 
zation  temperature. 

Fig.  33  shows  the  grain  growth  effects  of  one  hour  at  two  hefting 
temperatures,  800*C  and  1000*0  (l472*F  and  1832*F).  Formal  grain  growth 
behavior  prsvc.il*  In  this  alloy  in  that  the  grain  growth  tendency  Is 
greatest  In  the  specimens  given  the  least  cold  reduction.  The  Inset  in 
this  figure  shows  a  photomicrograph  of  a  13*4)1  cold  reduced  specimen  after 
heating  at  800*0  (l472*F).  In  many  cases  much  effort  was  required  to 
reveal  the  grain  boundaries,  as  shown  in  this  photomicrograph,  by  chemical 
etching. 
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FIG.  32  HARDNESS  CHANGES  OCCURRING  IN  COLD  REDUCED  TiNi 
COMPOSITION  SPECIMENS  HEATED  I  HOUR  A T  INCREASING 
TEMPERATURES 
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-  IW.  T 

PER  CENT  COLO  WORK 


FI6.  33  CURVE3  SHOWING  EFFECTS  OF  HEATING  !  HOUR  AT  8CO 
AND  IOOO*C  ON  THE  GRAIN  SIZE  OF  VARIOUSLY  COLD  WORKED 
TiNi  ALLOY 
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5.  Weldigg 

Joining  is  an  extra** ly  imp  or  tar'  considsration  in  present  day 
structural  materials.  To  hare  a cm  idea  of  the  welding  capability  of  the 
TiHi  Material  a  preliminary  welding  experiment  vac  performed.  This 
experiment  cor "toted  of  butt  welding  together  two  chamfered  l/8"  thick  hot 
rolled  plate*  of  TiHi.  Heiiarc  welding  was  chosen  because  of  the  high 
titanium  content  of  the  alloy.  A  feeder  rod  of  hot  swaged  TiKi  was  fed 
into  the  Joint  and  arc  plasma  during  the  welding  operation.  The  resulting 
weld  and  its  structure  are  shown  In  fig.  34.  Little  difficulty  was 
encountered  in  making  the  Joint.  The  veld  section  appeared  to  be  free  of 
cracks  and  porosity.  The  fusion  zona  of  the  weld  ras  characterized!  far 
the  scat  part,  by  a  fine  dendritic  structure!  this  being  typical  of  the 
cast  structure  of  the  alloy.  A  comparison  of  the  hot  worked  base  structure 
and  the  fine  dendritic  structure  in  the  transition  zone  can  be  seen  in  the 
upper  photomicrograph.  The  higher  magnification  photomicrograph!  at  the 
lower  left  of  Fig.  34*  shows  angular  and  star-shaped  particles  of  extraneous 
phases.  Since  their  appearanca  la  quite  unlike  the  excesa  phases  (TI2NI 
and  TINI3)  shown  in  Fig.  18,  it  must  be  concluded  that  these  are  interstitial 
phases  (based  on  H,  0,  H)  formed  during  welding.  Controlled  atmosphere 
welding  may  be  needed  to  eliminate  these  from  future  welds.  Vo  mechanical 
property  teats  have  been  made  on  the  Initial  test  weld.  However,  based  upon 
the  properties  observed  in  are-cast  T1V1  material,  the  veld  section  should 
be  quite  strong  and  tough.  Cursory  examination  of  the  magnetic  properties 
of  the  veld  section  Indicate  that  it  is  equally  ae  paramagnetic  aa  the  base 
pieces.  Further  work  is  planned  on  investigating  both  the  mechanical  and 
magnetic  properties  of  T1V1  velds  because  of  the  Importance  in  non-aagnetlc 
ordnance  applications. 

6.  Environmental  Attack 


Specimens  of  the  T1V1  composition  were  exposed  to  various  canon 
corrosive  media  and  to  elevated  temperature  oxidation  attack.  In  the 
former,  preliminary  corrosion  teste  were  conducted  in  salt  spray,  sea 
water,  normal  air  atmosphere,  and  normal  handling.  The  results  of  these 
teste  are  given  in  Table  IX.  In  each  case  the  attack  was  negligible  and 
only  In  the  salt  spray  tests  was  a  perceptible  whitish  surface  film  formed 
where  the  speclmer  was  held.  The  passivity  of  this  alloy  to  corrosive 
attack  is  further  characterized  by  the  difficulty  encountered  in  finding 
suitable  etchants  to  attack  the  metallographlc  specimens. 

Oxidation  tests  were  performed  in  air  at  600*C  (1112*?),  600*C 
(lV72*F)  and  10QQ*C  (l832*F).  The  carefully  prepared  specimens  had  Pt 
vires  spot-welded  to  them  and  this  ms  shaped  into  tie  form  of  a  hook. 
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TABLE  IX 

CORROSLM  PROPERTIES  OF  THE  TiNi  (55.1  w/o  Ni-Ti)  ALLOY 


CORROSIVE  MEDIA 

RESULTING  ATTACK 

Salt  Spray  -  20%  soln. > 

95°F,  for  96  hours 

Faint  whitish  surface 
deposit  on  back  edge  of 
specimen 

Sea  Water  -  192  hours 

Nil 

Normal  Air  Atmosphere 

Nil 

Normal  Handling 

Nil 
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Then  the  weighed  specimens  were  hung  on  a  ceramic  rod  over  a  stainless  steel 
catch  pan.  In  this  way,  it  was  possible  to  record  the  weight  gain  due  to 
oxidation  even  if  the  oxide  coating  spalled  off.  The  results  of  these  tests 
are  shown  in  Fig.  35.  At  600*C  (lll?*F)  the  initial  oxide  coating  was 
fairly  thin  and  adherent  and  the  rate  of  oxide  buildup  was  almost  negligible 
after  the  first  two  hours.  At  800*C  (lkj29F)  acme  oxide  coating  spalling 
occurred  and  after  the  first  two  hours  oxidation  proceeded  steadily.  At 
1000® C  (1832®F)  the  rate  of  oxidation  was  rapid  from  the  beginning  and  oxide 
spalling  was  profuse. 

7*  Ternary  Alloying 

The  possibility  of  strengthening  the  TIM  material,  through 
solution  or  precipitation  strengthening,  was  investigated.  The  addition 
elements  chosen  were  silicon  and  aluminum.  The  effects  of  varying 
additions  of  these  two  elements  are  given  in  Table  X.  From  this  table  it 
can  be  seen  that  the  higher  additions  (4  w/o)  produce  a  considerable 
hardening  effect.  This  is  probably  due  to  the  formation  of  other  inter- 
metallic  compounds  of  the  alumlnlde  and  ailicide  type.  "Solution  treating" 
was  tried  in  each  case  but  only  the  2  w/o  Si  -  TIM  dloy  showed  any 
tendency  to  respond. 

8.  Hard  Facing 

After  discovering  the  hardening  effect  of  aluminua  on  Tllfl,  an 
experiment  in  hard  facing  was  tried.  In  this  experiment  pure  A1  was  arc- 
melted  into  the  top  surface  of  a  TiXi  button.  The  button  was  cut  in  half 
exposing  ;he  cross-section  of  the  fusion  Interface.  The  Al-rlcb  hard 
facing  was  found  to  he  too  brittle  and  fragile  to  study.  However,  a  knoop 
hardness  traverse  was  made  near  the  interface  section.  This  is  shown  along 
with  the  microstructure  in  Fig.  36.  Following  the  hardness  indentations 
it  can  be  seen  that  the  veld  interface  ie  rather  sharp,  going  from  23  Kc 
to  55  Rc«  This  condition  is  somewhat  undesirable  for  the  Intended 
application.  Melting  a  TlHi  +  10  v/o  A1  alloy  on  a  TIM  button  also 
resulted  in  a  sharp  hardness  transition.  Perhaps  sous:  widening  of  the 
interface  transition  sone  could  be  accomplished  by  a  post-melting  heat 
treatment  to  promote  diffusion  of  the  aluminua. 

From  this  experiment  another  interesting  observation  Is  possible. 
The  T1H1  base  material  has  a  hardness  of  23  Rc  which  is  lover  than  the  30 
to  35  Rc  hardness  experienced  normally  in  this  55*1  w/o  Hi  alloy.  One 
possible  explanation  for  this  behavior  any  be  traced  to  a  general  lowering 
of  the  nickel  content  in  this  bordering  ar*  a..  The  excess  nickel  diffusing 
to  the  Interface  and  leaving  on  alloy  composition  approaching  54.5  v/o  M 
with  its  associated  lower  hardness  (See  Fig.  2k), 
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FIG.  35  RATE  OF  OXIDATION  OF  TiNi  AT  DIFFERENT  TEMPERATURES, 
INITIAL  WEIGHT  OF  SPECIMENS,  /«.sf?ROXIMATELY  6,5  GRAMS, 
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TABLE  X 


HARDNESS  DATA  OBTAINED  ON  TiNi-BASE  ALLOYS*  IN 
THE  '’AS-CAST"  AND  "SOLUTION  TREATED"  CONDITIONS 


Charge  Composition 
weight,  7. 

Hardness,  Rc 

"As  Cast" 

"Solution  Treated" 
(900°C,  1/2  hr.  Water 
Quenched) 

TiNi  +  27.  Si 

37 

27 

TiNi  +  47.  Si 

43 

43 

TiNi  +  27.  A1 

34.5 

33 

TiNi  +  47.  A1 

55 

55 

*  Hardness  of  TiNi  material  (55.1  w/o  Ni)  around  31  to  34  Rc 
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FIG.  36  PHOTOMICROGRAPH  SHOWING  THE  TiNi  BASE  MATERIAL  (BOTTOM) 
WITH  AN  OVERLAY  OF  ALUMINUM  WELDED  ON  THE  TOP.  NOTE  THE 
INCREASE  IN  HARDNESS  IN  THE  FUSED  AREA  (TiNi+AI).  ALL  KNOOP 
HARDNESS  INDENTATIONS  WERE  MADE  USING  1.0  KG  INDENTER  LOAD. 
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CjSCLUSIONS 


1.  Th^  Till  phase  has  been  found  to  exist  at  room  temperature. 

2.  Stoichiometric  TiNi  composition  alloys  usually  have  minor  quantities  of 
the  phases  Ti2Mi  and/or  Till  13  present  at  rcca  temperature. 

3.  Alloys  which  exist  as  TlMi  or  predominantly  TIM  exhibit  ductility  and 
impact  resistance  at  room  temperature  ana  oelov. 

4.  The  difficulty  in  obtaining  a  completely  TIM  material  indicates  the 
narrowness  of  the  TIM  homogeneity  range  at  lower  temperatures. 

5.  The  mechanical  vibration  damping  properties  of  the  TlMi  alloy  (54.5 
w/o  Mi)  appear  to  be  directly  related  to  the  TlMi  phase  purity.  High  TlMi 
phase  purity  yields  a  low  damping  characteristic  while  the  presence  of 
minor  impurity  pbase(s)  promote  high  damping. 

6.  The  TlMi  phase  equilibria,  and  in  turn  the  dampi ng-to-non-damplng 
transition  temperatures,  are  affected  by  hot  working  and  the  presence  of 
minor  quantities  of  iron.  Hot  working  pronotes  the  formation  of  minor 
Impurity  phases  and  results  in  raising  the  transition  temperature.  While 
iron,  present  in  quantities  up  to  about  0.09  w/o,  tends  to  stabilise  the 
TlMi  phase  to  lover  temperatures  and  results  in  lowering  the  damping 
transition  temperature. 

7*  TlMi  alloys,  becausw  of  their  fine  cast  grain  size,  possess  unusual 
ductility  and  toughness  even  in  the  arc-cast  condition. 

8.  Mlckel-rlch  TlMi  alloys,  containing  about  60  to  62  v/o  Ml,  are 
hardenable  by  a  quenching  treatment. 

9.  Slow  cooling  alloys  containing  fron  55  to  60  v/o  Si  produces  a  uniform 
hardness  of  about  35  Rc  (the  TlMi  matrix  hardness). 

10.  intermediate  hardness  levels,  between  quenching  and  slow  cooling,  are 
possible  in  the  nickel-rich  alloys  by  performing  pseudo-tempering  treatments 
on  the  quenched  material. 

11.  Permeability  and  susceptibility  measurements  show  TIM  and  nickel-rich 
TlMi  alloys  to  be  paramagnetic.  This  low  permeability  value  (<  1.002) 
rcaeina  unchanged  by  working,  heat  treatment  and  substantial  temperature 
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variation. 

12.  Hot  hardness  curves  for  rapidly  cooled  TiHi  alloys  shew  a  "secondary 
hardening  peak"  vhich  see as  to  be  related  to  an  ordering  change. 

13.  Sa/iru  upon  hot  hardness  and  oxidation  resistance  the  TiHi  alloys  appear 
to  be  suitable  for  elevated  temperature  application  up  to  1200'*'  (649*C). 

14.  The  nickel-rich  TlHi  alloys  (rapidly  cooled)  have  superior  hot  hardness 
in  the  lower  temperature  range. 

15.  Based  upon  both  quantitative  and  qualitative  data  the  corrosion  and 
abrasion  resistance  of  TiHi  alloys  is  excellent. 


POSSIBLE  TUTORS  WORK  OH  THE  TiHi  TIPS  ALLOTS 

The  following  itemized  list  gives  in  a  general  way  areas  vhich  the 
present  Investigators  feel  should  be  investigated  acre  thoroughly.  This 
list  includes: 

1.  Additional  comprehensive  study  into  the  kinetics  of  the  phase 
transformations ,  particularly  the  T1H1  2?  TlgHi  +  Tifli^  at  temperatures 
around  ambient. 

2.  Investigate  thoroughly  the  mechanism  of  the  TiHi  dissociation  into 
TigHi  and  TlHi3  during  polishing  and/or  deep  etching.  A  possible  experi¬ 
mental  approach  migit  be  internal  friction  studies  on  variously  polished 
and  etched  wire  specimens. 

3.  High  temperature  X-ray  diffraction  studies  on  TIHl-type  alloys, 
room  temperature  up  to  about  1100*C  (2012*P),  to  understand  better  the 
phase-equilibria  end  order -disorder  transformations  at  the  higher  tempera¬ 
tures. 


4.  Also  study  order-disorder  transformations  as  a  function  of 
temperature  by  using  the  specific  heat  method  given  by  lips  on20.  The 
range  of  particular  Interest  being  around  600  to  900*P  (427  to  4d2*C), 

5.  Investigate  further  into  a  possible  transpiration-type  cooling 
vhich  aay  be  produced  by  the  partial  fusion  of  Ti«rich  TiHi  alloys. 

6.  Completely  determine  the  mechanical  properties  of  tlie  60  Hi  - 
40  Ti  alloy  after  quench-hardenlng  and  after  v&rlcuw  -seude-.  temper  lag 
treatments. 
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7.  Determine  the  hardeaability  factor  for  quench-h&rdened  60  !U  * 

40  Ti  alloy.  Sectioned  large  quet  ;hed  roundc  appear  to  he  the  .-iiapleet 
Method  of  getting  quantitative  data  on  this  paraneter. 

8.  Conduct  further  studies  into  the  effects  of  alloying  elements 
when  added  to  the  Till  composition  alloy. 

9.  Study  the  effects  of  che  extraneous  pha*a(s)  of  TxgHi  and/or 
TIMI3  on  the  mechanical  properties  of  the  TiHi  alloy.  This  can  be 
accomplished  by  cooling  TiHi  ($h,5  v/o  HI)  tensile  specimens  below  ambient 
tamper  attire,  even  as  low  as  -196*C  (Liquid  H),  vara  quickly  to  room  tem¬ 
perature  and  measure  the  tensile  properties.  Monitor  precipitated 
extraneous  phases  by  X-ray  diffraction  (see  Fig. 6 ). 

10.  Investigate  carefully  controlled  TiHi  welded  section*  to  determine 
the  mechanical  and  magnetic  properties  attained  in  the  veld  end  surrounding 

areas. 


11.  Continue  studies  into  the  corrosion  resistance  of  TiHi -type  alloys 
to  comaon  corroding  media. 

Seme  of  the  above  suggested  investigations  on  the  TiHi -type  alloys  are 
currently  being  performed  at  the  U.  S.  Haval  Ordnance  Laboratory  and  will 
be  subsequently  reported. 


POSSIBLE  APPLICATION 

The  predominantly  TIHI  phr.ee  material  and  the  TiHl-base  alloys 
(containing  up  to  about  7  w/o  excess  HI)  possess  many  desirable  inherent 
properties.  Based  upon  these  properties  and  characteristics.  Table  XI 
gives  a  list  of  possible  applications  as  a  function  of  some  of  the  properties 
required. 
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Jewelry  uses,  e.g., 
auto  trie,  non¬ 
magnetic  watch  parts 
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I.  X-ray  Diffract! up  Techniques 
1.  Room  Temperature  Studies 

fifteen  gram  alloy  buttons  approximately  one-inch  in  diameter, 
melted  and  prepared  as  stated  in  Section  II  of  Appendix,  were  used  in  these 
investigations.  X-ray  reflections  wex'c  obtained  from  the  prepared  flat 
arc-cast  bottoms  of  the  buttons.  ?or  this  investigation  alloy  buttons 
containing  from  50  to  60  v/o  Hi  remainder  Ti  were  used.  In  each  case  the 
prepared  specimen  was  placed  directly  in  the  seeple  holder  with  the  flat 
side  up  and  at  the  center  of  tbs  diffractometer  focusing  circle.  A 
diffractometer  scan  was  made  from  10°  to  50*  (20)  using  M0  radiation 
to  determine  which  phase  or  phases  (TIKI,  TigKl  or  TIJH3)  were  present. 

Based  upon  the  peak  height  of  the  strongest  lines,  as  measured  by  a  Krypton 
Geiger  tube,  a  fairly  accurate  quantitative  determination  of  the  amounts 
of  each  phasi  could  be  made.  The  measured  chase  quantity  also  took  Into 
account  the  preferred  orl  jntatic,*,  present  in  the  cast  specimens. 

Samples  which  had  Till  phase  present  were  further  studied  to 
determine  the  lattice  parameter  of  thin  phare  and  ascertain  the  effects 
of  excess  Hi  or  Ti  on  the  lattice  parameter.  It  was  hoped  through  a  study 
of  this  type  to  establish  the  boundaries  of  the  T1M1  phase  regies.  To  this 
end  each  significant  peak  was  scanned  at  a  slow  speed  Ua.'.ig  Fe  radiation 
(to  displace  peeks  toward  higher  29  ang7.es)  and  a  lattice  parameter 
determined  for  each  peak.  The  average  of  these  lattice  parameters  for  each 
sample,  or  a  value  obtained  by  extrapolating  (sin2  9  to  9  •  90*)  was  plotted 
against  weight  percent  Nl. 

The  lattice  parameter  obtained  for  TiNi  of  3*015  X  agreed  with 
previous  investigators.  However,  scatter  in  the  lattice  parameter  data  for 
non-stoichiaaetric  alloys,  rich  in  Ti  or  Mi,  nade  precise  location  of  the 
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TiHi  phase  boundaries  uncertain.  As  a  result,  these  data  were  not  included 
in  this  report.  Other  metallurgical  investigations,  e.g.,  metallography, 
internal  friction,  hardness,  etc.,  reported  in  this  report  show  the  mata- 
atatole  nature  of  the  Tilfi  phase  and  help  to  show  why  the  lattice  parameter 
data  could  not  reveal  the  precise  TINi  phase  boundaries. 

2,  Studies  Above  and  Below  Room  Temperature 

The  same  equipment  was  used  for  this  investigation  that  was  used 
for  the  room  temperature  studies.  This  Included  a  standard  Norelco 
diffraction  unit  equipped  with  a  Krypton  Geige^  tube  end  molybdenum  X-ray 
tube.  Molybdenum  Kg?  radiation  was  used  throughout  these  studies. 

A  special  sample  holder  was  constructed  of  copper  through  which 
the  heating  or  cooling  medium  (liquid  or  gas)  could  be  pumped.  This  holder 
vai  attached  to  the  diffractometer  in  the  same  manner  as  the  standard  flat 
Norelco  sample  holder.  A  hole  was  milled  in  the  radiation  shield  for  the 
inlet  and  outlet  tubing  which  conducts  the  temperature  controlling  medium. 

The  sample,  as  before,  vao  a  15  gram  arc-melted  button  of  the 
54.5  v/o  Ni  composition.  This  button  was  ground  to  a  width  of  3/4  inches 
and  a  thickness  about  0.200  Inches  making  it  possible  for  the  specimen  to 
fit  the  copper  sample  holder  and  place  the  specimen  surface  at  the  center 
Of  the  focusing  circle.  Finally,  a  thermocouple  was  placed  in  contact  with 
the  satqtle  surface  at  a  point  out  of  the  X-ray  beam.  With  this  thermo¬ 
couple,  specimen  temperatures  were  monitored  throughout  the  runs. 

In  running  at  temperatures  up  to  about  85® C  no  problems  were 
encountered.  Heated  water,  at  a  constant  temperature,  was  used  as  the 
heating  medium.  Cooling  down  to  3°C  was  accomplished  by  circulating  ice 
water  through  the  system.  Temperatures  below  about  3*0  were  produced  by 
circulating  alcohol  cooled  by  dry  ice  or  nitrogen  gas  cooled  by  liquid 
nitrogen.  In  addition,  for  all  runs  made  below  room  temperature  dry  pre¬ 
cooled  nitrogen  gas  was  directed  over  the  sample  surface  to  prevent  either 
moisture  or  frost  from  forming.  Using  the  above  research  a*. up  the 
diffractometer  scans  ohown  in  Fig.  6  were  accomplished. 

II,  Alloy  Melting  and  Sample  Preparation 

In  order  to  investigate  fully  the  titanium-nickel  intermetallic 
compounds  of  TiHi,  Ti2Ni  and  TlHi3,  suitable  alloys  of  closely  controlled 
chemical  composition  and  homogeneity  had  to  be  prepared.  In  view  of  the  high 
titanium  content,  arc-melting  in  a  water-cooled  copper  hearth  or  crucible 
was  the  most  suitable  method.  This  melting  tscH>J.n>»,  employed  by  other 
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investigators  to  prepare  alloys  for  constitution  studies,  was  fvur?d,  to 
produce  inhomogeueitiee.  Howev.r,  in  this  investigation  care  was  taken  to 
produce  cheat c ally  homogeneous  melts  hy  melting  small  specimens  (usually 
buttons  between  15  and  90  grams),  using  sufficient  power  to  maintain  almost 
the  entire  button  molten,  and  multiple  melting  of  each  specimen. 

Employing  the  arc -melting  furnace  shown  in  Fig,  37 »  the  titanium-nickO 
alloys  around  the  TiHi  composition,  arc -melted  without  difficulty.  Losses 
due  to  vaporization  of  the  component  metals,  were  found  by  checking  weight 
to  be  negligible.  All  X-ray  diffraction  samples,  for  constitution  studies, 
were  made  small  (about  15  gram  button;?}  to  insure  chemical  homogeneity. 

When  larger  melts  were  required  for  mechanical  property  specimens,  these 
were  produced  in  a  two-step  process.  First,  well  mixed  buttons  of  the 
desired  composition  were  thoroughly  melted  and  alloyed  by  non-consumable 
arc-melting.  These  buttons  were  then  arc-cut  into  smaller  segments  and 
charged  a  few  at  a  time  to  a  water-cooled  copper  crucible  measuring  about 
2  l/2"  in  diameter  x  2  l/2"  deep.  The  charged  segments  of  button  melts 
were  then  non-consumably  melted.  Following  this,  new  segments  were  charged 
and  completely  fused  into  the  previously  melted  portion  of  the  ingot.  In 
this  manner  it  was  possible  to  produce  a  monolithic  ingot  weighing  about 
1  l/2  pounds  which  was  homogeneous  in  composition  and  free  of  any  seams. 

The  upper  left  photomicrograph  of  Fig.  lfi  shows  a  typical  TiHi  arc-cast 
material,  while  Figs.  19  and  20  show  the  arc-caat  Ti£Wi  and  T 11113  structure! 
respectively. 

As  was  mentioned  earlier  In  the  report,  the  TiHi  and  T1H  1-base  alloy 
compositions  in  most  cases  were  found  to  be  sufficiently  ductile  to  be 
capable  of  being  hot  and  cold  worked  directly  from  the  arc-cast  structure. 
As  a  result,  almost  <11  specimens  employed  in  this  Investigation  were  arc- 
cast,  hot  rolled  or  hot  swaged  between  700*0  and  1050*C,  cold  rolled  where 
necessary  at  room  temperature,  machined  and  ground  to  final  specimen 
dimensions.  Fig.  18  shows  effects  upon  an  "as  cast”  55*1  w/o  Ni  ailoy 
when  rolled  hot  and  cold.  Hot  rolling  at  700*0,  which  is  about  100*C 
above  the  ^crystallization  temperature  (see  Fig.  32)  has  the  effect  of 
eliminating  the  cast  dendritic  structure  while  promoting  the  coalescence 
of  particles  of  a  second  phase.  Hot  rolling  at  1100*0,  which  is  near  the 
solidus  temperature  for  this  alloy  composition,  causes  the  complete 
elimination  of  the  dendritic  structure  and  coalesces  the  second  phase 
particles  in  a  fairly  uniform  distribution.  X-ray  diffraction  studies 
confirm  the  existence  of  the  second  phase(s)  in  an  alloy  of  this  compositior 
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Alloys  close  to  the  stoichiometric  TiNi  composition  (52  to  56  w/o  7i) 
hot  worked  readily  between  about  700  to  1050*0,  Slightly  lover  rolling 
temperatures  were  required  for  the  titanium  rich  alloys  (52  to  5^  w/o  Ni) 
because  of  the  lower  solidus  temperature  for  these  alloys.  When  the  nickel 
content  is  increased  in  excess  of  57  w/o  hot  working  problems  arise.  As 
mentioned  previously,  there  exists  a  retro-grade  solid  solubility  change 
between  the  TiNi  phase  area  and  the  TiNi  +  TiNig  two-piiase  area  between  900*0 
and  the  solidus  line,  which  occurs  at  about  1115cC.  as  a  result,  Ifi-Ti  alloys 
containing  about  57  w/o  or  more  Ni,  heated  above  900°C,  undergo  changes  in 
the  quantity  of  the  existing  phases.  This  change  in  the  quantity  of  TiNi 
and  TiNi3  is  dependent  upon  the  heating  temperature.  Hot  rolling  investiga¬ 
tions  were  performed  on  57  and  60  w/o  Ni  alloys  under  various  conditions, 
taking  into  consideration  the  above  solid  solubility  changes.  The  results 
of  these  investigations  are  shown  in  Figs.  38  and  39.  It  can  be  seen  from 
these  figures  that  the  best  results  were  obtained  cither  by  rolling  at 
900*C  or  precipitating  from  solution  the  excess  nickel,  probably  as  TiNig, 
prior  to  rolling  at  850°C.  In  the  latter  case  the  excess  TiNig  probably  was 
precipitated  as  Innocuous  particles  in  a  TiNi  matrix.  Though  this  TiNi 
matrix  is  on  the  nickel-rich  side  It  still  permits  hot  deformation.  In  the 
case  of  the  60  Hi  -  40  Ti  alloy  most  cracking  occurs  during  the  initial 
passes  through  the  mill.  This  problem  may  in  part  be  eliminated  in  the 
future  by  breaking  down  the  arc-cast  structure  by  hot  extrusion. 

Following  hot  rolling  it  was  found  that  the  principally  TiNi  alloys 
could  be  cold  rolled  at  room  temperature.  The  bottom  right  photomicro¬ 
graph  of  Fig.  18  shows  the  typical  rolling  texture  obtained  by  rolling 
TiNi  below  toe  recrystallization  temperature. 

The  various  specimens  employed  in  the  physical,  mechanical,  and 
constitution  studies  were  alloyed,  cast,  hot  and  cold  worked  as  stated 
above.  In  the  case  of  the  X-ray  spccir^us,  these  were  prepared  as  15  to 
20  gram  buttons  to  provide  chemical  homogeneity.  The  bottom  sides  of  these 
arc-melted  buttons  were  ground  and  diamond  abrasive  polished.  Most  of  the 
X-ray  samples  were  satisfactory  "as  polished"  or  after  being  given  a  light 
etch.  Heavy  etching  with  the  HNO3  +  HF  solution  cause*’  a  partial 
dissociation  of  the  TIN!  phase  into  T.I2NI  end  TiNig.  This  is  explained 
more  completely  in  the  X-ray  diffraction  section  of  this  report. 

Initially,  the  TiNi  and  TiNi-base  alloys  were  difficult  to  machine 
by  conventional  techniques.  This  was  found  to  be  due  to  the  high  hardness 
(29  to  35  He)  coupled  with  the  rapid  work  hardening  of  the  machined  surfaces. 
Figs.  2  and  3  shew  the  martensite -like  layer  that  is  formed  during  polishing. 
With  continued  machining  studies  it  was  found  that  turning  and  milling  could 
be  accomplished  by  employing  sharp  carbide  l  ola .  During  machining  care 
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*  Results  from  heat  treatment  of  hot  rolled  plate  less 
predictable  than  the  60  Ni-Ti  alloy.  Audible  clicking 
noise  from  this  alloy  when  major  load  Is  applied  to 
hardness  indenter. 


Figure  38.  Hot  Rolling  Studies  to  Determine  Hot  Working 

Characteristics  of  Arc-Meltcd  57  w/o  Ni-Ti  Alloy 
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*  Most  of  cracking  occurring  during 
initial  passes  through  mill 


Figure  39»  Hot  Rolling  Studies  to  Determine  Hot  Working  Characteristic o 
of  Arc-Melted  60  w/o  Ni-Ti  Al?.cy 
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Must  be  exercised  to  avoid  "glazing"  the  surface  with  a  dull  tool,  if  these 
local  work-hardened  areas  fern  on  the  Machined  surface  serious  machining 
problems  are  encountered,  during  the  following  cuts. 

Sawing,  using  a  tool  steel  saw  blade,  war  very  unsatisfactory.  The 
cut  surface  work-hardened  almost  leased! ate iy  preventing  further  cutting. 
Cutting  the  TiNi  alloy  into  segments  was  accomplished  by  using  r.  res  un¬ 
bonded  cut-off  wheel  and  a  copious  supply  of  vater  coolant.  The  cut 
surfaces  were  free  of  any  apparent  hec.i  checks. 

Grinding  surfaces  of  X-ray  and  mechanical  teat  specimens  vus  performed 
without  incident.  Water  cooling  was  used  during  grinding.  In  the  case  of 
the  mechanical  test  specimens  the  ground  surfaces  were  finish  lapped 
readily  to  a  mirror-like  finish. 

Wire  drawir.g  was  accomplished  on  the  54.5  and  55*1  v/o  Hi  alloys. 

The  starter  material  for  wire  drawing  was  a  hot  swaged  rod  about  0.115 
Inches  in  diameter.  Any  oxide  surface  coating  waa  removed  by  sanding  with 
emery  cloth.  The  wire  waa  annealed  between  diameters  of  0.115  and  0.035 
inches,  following  each  die  pass,  by  passing  an  electric  current  through  the 
wire  until  a  dull  red  heat  was  obtained.  This  annealing  was  essential 
because  of  the  rapid  rate  of  work  hardening  in  these  alloys.  From  0.035 
to  smaller  diameters  two  passes  were  made  before  annealing  was  required. 

A  thick  soap  solution  was  used  as  a  die  lubricant. 

III.  Electrical  Resistivity  Measurements 

1.  Hear  Room  Temperature 

The  samples  employed  for  Measuring  electrical  resistivity  in  this 
report  were,  in  every  case,  hot  rolled  and  slit  strips  about  0.010"  thick 
x  0.125"  to  0.186"  vide  x  about  5.5"  («# 14  cm)  long.  The  surfaces  if  the 
specimens  were  carefully  prepared  to  provide  the  optimua  electrical  contact. 
The  potential  leads  were  fastened  by  pressure  at  a  distance  of  10  cm  apart. 
The  current  leads  were  similarly  fastened  to  the  strip  outside  the  potential 
leads.  A  small  current  of  about  7  milliasps  was  passed  through  the  specimen 
for  short  durations  to  prevent  resistance  beating  of  the  specimen. 

Resistivity  wan  measured  by  using  a  standard  method  which  in¬ 
corporated  a  highly  sensitive  type  K-3  potentiometer  into  the  measuring 
circuit.  The  high  sensitivity  of  this  potentiometer  was  needed  in  order 
to  measure  the  snail  resistivity  changes  experienced  with  small  temperature 
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variations.  The  actual  resistivity  was  calculated  from  the  equation: 

O  *  RA 

Jl 

where  Q  «  ele-.-  crical  resistivity,  oha-ca 

R  »  electrical  resistance  between  potential  leads,  ohms 

O 

A  «  croBB-8ectional  area  of  specimen,  cm 

H  »  distance  between  potential  leads,  cm 

The  test  temperature  was  carefully  monitored  by  appropriate 
chromel-alumel  thermocouples.  To  Induce  temperatures  below  root  teagsarature 
the  entire  device,  including  sample  and  holder,  was  placed  in  a  refrigerator. 
Constant  temperature,  around  the  level  desired,  was  attained  in  the  sample 
prior  tc  measuring  the  voltage  drop.  The  same  system  van  applied  to  measure¬ 
ments  made  slightly  above  room  temperature  (up  to  about  210®F).  In  the 
latter  case  a  controlled  low  temperature  oven  was  used  as  a  beat  Bource. 
Again,  as  in  the  cub-ambient  temperature  measurements,  the  strip  specimen 
vas  allowed  to  stabilize  at  a  given  temperature  prior  to  making  any  voltage 
drop  readings. 

For  these  studies,  where  the  temperature  varied  between  about 
-70°F  and  210CF,  no  effort  was  made  to  control  the  testing  atmosphere. 

Thus  the  atmosphere  used  was  an  air  atmosphere  with  naturally  varying 
humidity. 

2.  Elevated  Temperature  Measurements 

Electrical  resistivity  measurements  were  made  at  elevated  tempera¬ 
tures  up  to  500*C  by  placing  the  strip  specimens,  with  spot-welded  current 
sr.d  potential  leads,  in  a  controlled  atmosphere  system.  The  overall  system 
consisted  of  a  long  quartz  tube  sealed  on  one  end  and  fitted  on  the  other 
end  with  a  vacuum-tight  brasB  header.  The  brass  header  contained  the 
vacuum  tight  electrical  connections  and  suitable  valves  for  evacuating  the 
tube  and  header  and  reintroducing  dry  uelium  or  argon,  gas.  After 
evacuating  the  flushing  with  the  inert  gas  several  times  the  tube  and 
header  are  filled  with  the  inert  gas  and  the  gas  was  made  to  flow  at  a  very 
low  rate  through  the  chamber  during  the  run. 

The  actual  voltage-drop  measurements  were  made  on  the  same  K-3 
potentiometer  and  circuitry  as  employed  Cu  'he  lower  temperature  studies. 
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Spot  welding  was  required  in  order  to  fasten  the  platinum  current  and 
potential  leads  onto  the  specimen  and  maintain  them  in  close  contact  with 
the  specimen  up  to  900°C.  The  resulting  TiXi~.Pt,  couple  produced  voltages 
at  various  temperatures  that  had  to  be  considered  in  the  measurement  of  the 
actual  volume-drop  of  the  specimen.  An  example  of  the  magnitude  of  this 
generated  IMF  as  a  function  of  test  temperature  for  a  TIN i -Ft  couple  can  be 
seen  in  Fig.  ho.  Table  III  shows  the  TiNi-Pt  couple  compoesations  employed 
to  obtain  the  actual  voltage-drop  in  a  55*1  v/o  Ni  alloy  strip  at  various 
temperatures . 
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ZOC  400  600  800  !00Q  1200 


TEMPERATURE  ,°C 


FIG.  40  CURVl-  SHOWING  EMF  GENERATED  AT  VARIOUS 
IN  THE  TINi-Pt  COUPLE  SHOWN  IN  THE  INSF.T 


TEMPERATURES 
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